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Preface 


rhe first meeting in the field of Chemical Analysis by Charged Particle Bombardment organized in 
Namur was held in September 1971, only one year after the first proton beam was produced by our Van 
de Graaff accelerator. Works and research at the LARN had begun in 1970. The LARN was created by 
Professor G. Deconninck and all the staff members present from the start (i.e. 22 years ago) are still 
there today: Prof. F. Bodart who conducts works on ion implantation, Mr. Y. Morciaux our powerful 
technician, and myself. F. Bodart and myself are Ph.D. students of Prof. Deconninck, This basic staff has 
then been progressively reinforced with Dr. G. Terwagne, also a Ph.D. of Prof. Deconninck, Mrs. Ch. 
Honhon, our efficient secretary, and Mr. J. Nackers, our second technician. We also supervise 6 to 10 
graduate and Ph.D. students permanently. 

The subject of the 1971 meeting was very wide: all aspects of elemental analysis using charged particle 
bombardment were accepted for presentation. They included: Auger spectroscopy, secondary ion mass 
spectroscopy (SIMS), charged particle activation analysis, PIXE, PIGE, RBS, NRA, etc. This first 
meeting was attended by 70 persons and the Proceedings were published in J. Radioanal. Chem. 12 
(1972) 1-385. 

The second meeting in September 1981 was entirely devoted to nuclear microprobes. Twenty-three 
laboratories using a nuclear microprobe were represented and | think it was the first Symposium on 
Nuclear Microprobes well before the First Official International Conference held in 1987 in Oxford. 
With this more specific subject we also welcomed about 70 participants and the Proceedings were 
published in Nucl. Instr. and Meth. 197 (1982) 1-258. 

To keep a relatively low number of participants in order to encourage discussion, the field of the 
present meeting was still narrower. We have only accepted papers relating to the analysis of very light 
elements: from hydrogen to neon. The meeting took place the week following the Tenth International 
Conference on lon Beam Analysis (IBA), Eindhoven, the Netherlands (Proceedings published in Nucl. 
Instr. and Meth. B64 (1992)). 

The subject of the next meeting (to be held in next millenium if we maintain the same interval of ten 
years) has not yet been decided on but, in order to keep a low number of attendees, it is likely to be: 
“The Analysis of Elements Emitting a y-ray Between 435 and 445 keV Under Charged Particle 
Bombardment”. All the current participants will certainly be on our mailing list and will receive all 
useful information in due time. 

Four laboratories represented at both meetings of 1971 and 1981 have also sent attendees to our 
recent conference 

the Nuclear Center of Harwell, represented by Dr. J. McMillan, 

the laboratory of the Ecole Normale Supérieure of Paris, represented by Dr. G. Amsel and several of 

his students, 

the School of Physics of the University of Birmingham, represented by Prof. L. Earwaker and three 

coworkers, 

the Study Centre for Atomic Energy of Saclay, with Ph. Massiot, J.P. Frontier, A. de Chateau-Thierry 

and J. Tirira. 

Other research staffs were represented for the second time: the Faure laboratory of South Africa (Dr. A. 
Pillay), the Institute of Nuclear Physics of Villeurbanne (Dr. N. Moncoffre and Mr. B. Roux). 

I thank the invited speakers who accepted to give a speech on each of the ten lightest elements. They 
were selected for their qualification in the field, but also to get a varied range of different citizenships. 
All of them were very enthusiastic in accepting my invitation. The speakers were: Dr. W. Lanford (USA) 
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for hydrogen, Dr. F. Paszti (Hungary) for helium, Dr. J. Raisaénen (Finland) for lithium, Dr. N. 

Moncoffre (France) for boron, Prof. R. Vis (Holland) for carbon, Prof. K. Bethge (Germany) for 

nitrogen, Dr. D. Cohen (Australia) for oxygen, Dr. G. Coote (New Zealand) for fluorine, and Prof. G. 

Deconninck (Belgium) for neon. 

My special thanks are given to Prof. Deconninck, who is the appreciated teacher of all the LARN staff 
for accepting a difficult subject: the analysis of neon. Neon is probably one of the less studied elements, 
and it was certainly not an easy task for my friend Gaston to review the spare litterature on it. The 
eleventh invited speaker was Dr. G. Amsel who suggested a contribution on Resonant Nuclear Reactions 
on light elements with low energy beams and very high resolution. G. Amsel finally proposed to let Dr. I. 
Vickridge, one of the coauthors, present the paper. Prof. L. Earwaker gave the address during the 
conference banquet. 

The LARN is part of the Facultés Universitaires Notre-Dame de la Paix, Namur. This University is 
one of the oldest in Belgium, but the decision to deliver Ph.D.s dates only from the 60s. One goal of each 
university is to give young scientists the opportunity to meet specialists in their own field. Thanks to two 
main sponsors, the Crédit Communal de Belgique and NEW (Namur Europe Wallonie), who have 
attributed ten grants covering the full registration fees of ten graduate or newly promoted Ph.D. 
students. Several of them were faced with an international audience for the first time. 

We also thank Charles Evans and Associates, Canberra, Cameca and Rivac Technology for their 
financial support and the Fonds National de la Recherche Scientifique, a Belgian foundation, for the 
facilities given to invite well-known speakers. 

All sessions were held in the historic building of the Arsenal. It was erected on the direction of 
Vauban, the military architect of Louis the XIV, at the end of the 17th century. The inside of the 
building was completely restored in 1982 and layed out as the university restaurant. 

All the contributed papers were presented as posters, but we suggested that every one who wished 
could give a short oral presentation. These presentations were limited to ten minutes, excluding 
discussion. A lot of time was then let for discussion during the poster sessions. Each oral contributed 
paper was given right after the invited speech on the subject. 

Three workshops were also organized on subjects suggested in a questionnaire filled by the registered 
participants before the meeting. The selection was not easy to make due to a large scattering of wishes. 
The final choice made by the local committee was: 

(a) The usefulness of analyses of light elements in metallurgy and the need for confident reference 
samples. The discussion was organized by F. Degréve (Péchiney, France) and D. Cohen (ANSTO, 
Australia). 

(b) The second one, scheduled for an entire afternoon, was devoted to cross sections of various nuclear 
reactions induced by the bombardment of light elements with charged particles. This workshop was 
chaired by G. Amsel (Paris) and myself, with the efficient help of I. Vickridge (DSIR, Australia), G. 
Battistig (Paris) and W. De Coster (IMEC, Heverlee). The summary was written by I. Vickridge and 
is published as the last contribution in these Proceedings. 

(c) The third one, coinciding with the last session of the meeting, was devoted to the analysis of 
hydrogen, the element which has been chosen by more than 30 people of the audience. It was chaired 
by W. Lanford (Albany, USA) and G. Ross (INRS Energie, Canada). 

For the good organization of these workshops, each participant had the opportunity to fill in sheets to 

specify his special wishes. During each workshop, each question and comment was written as a short 

summary to be later summarized in a document distributed to all participants. 

All the papers were submitted to two referees: one present at the meeting, the other one chosen in 
the international community among users of IBA. | thank all of them for their pertinent advice and 
specially Ms. H. Brading, Mr. M. Briggs and Prof. L. Earwaker for their valuable help for the correction 
of the english in several contributions. 

I have appreciated the active participation of each attendee. This five days meeting was suspended 
during a half day for a barbecue and a short trip to Brussels. Several of the photographs are published in 


this issue of NIM. I hope that this bound volume will be used in the future as a reference book for IBA 
of light elements. 
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The whole work performed before, during and after the conference (to organize the publication of 
these Proceedings) was a team job. The advice and scientific aid of Professor F. Bodart and Dr. G. 
Terwagne, the technical and graphical experience of Yvon Morciaux and Jules Nackers, the disponibility 
of our Ph.D. students: Daniel Decroupet, Serge Mathot and Stéphane Lucas, and of young graduate 
students: Catherine Steuckers, Benoit Deconninck, Michel Closset, Patrice Clément and Christophe 
Soumoy, were highly appreciated. I specially thank Chantal Honhon, our efficient secretary, who cared 
for everything to enable all participants to have a pleasant stay in Namur. She devoted a lot of her time 
to prepare the circulars, the programme, the book of abstracts, the booking of rooms. She and Anne 
Deconninck were also continuously present during the meeting to welcome and help the attendees. 
Chantal has also been very methodical in organizing the processing of the Proceedings. 
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Guest Editor 
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Various depth profiling experiments illustrating the high depth resolutions obtained are presented for Ta,O, and SiO, layers 
with sharp '*O-'°O interfaces in depth ranges up to some hundreds of angstrom. A further increase of depth resolution is reached 
by resorting to glancing geometry with respect to the beam. The depth sensitivity of this resonance is actually so high that it is the 
energy straggling induced by the ubiquitous hydrocarbon contamination layer on the sample surface that limits the near-surface 
resolution. The experimental curves are interpreted with the stochastic theory of energy loss. The results are compared to those 
obtained with the previously used resonances for '*O depth profiling. Applications of these techniques to the isotopic tracer study 
of the microscopic growth mechanisms of SiO, on silicon are shown. Operated in UHV this method may yield potentially 
nanometric or even subnanometric near surface depth sensitivities, as illustrated by detailed theoretical calculations corresponding 


to ideal but realistic experimental conditions. These results illustrate the usefulness for very high resolution depth profiling of low 
energy narrow resonances in general due to the corresponding large dE /dx values 


1. Introduction 


In the first part of this work, referred to here after 
as “Part I” [1], we showed that, according to our 
experimental results, the most probable value of the 
width of this resonance is [= 50 eV, while neither 
= 30 eV nor = 100 eV may be unequivocally excluded 
In this paper we present further experimental and 
theoretical results illustrating the possible applications 
of this resonance to depth profiling '*O in various 
types of samples. According to the depth domains 
considered, surface, intermediate or deep regions, dis- 
tinct properties of this resonance are beneficial and 
different experimental problems show up. The very 
narrow width found is mainly important for enhancing 
the near-surface depth resolution, and may be taken 
full advantage of only if the measurements can be 
carried out without surface contamination, in UHV 
and with a very high beam energy definition, as illus 
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trated in Part I. It then becomes important to deter- 
mine whether the resonance width is closer to 100 or 
30 eV, as will be shown. In the intermediate depth 
range two features of this resonance are the most 
important: small width and high dE/dx at this low 
energy. For thick targets the fact that this resonance ts 
the first and isolated is its main quality, while the large 
beam energy variations required for the measurements 
pose some experimental problems and we must begin 
to question the validity of the classical theory used to 
interpret the data. In all cases grazing incidence geom- 
etry may be used to improve depth resolution. Multiple 
scattering processes, which increasingly limit the corre- 
sponding gain with depth, will be discussed 


2. Experimental 


Most of the experimental details were described in 
Part I. Let us recall that the proton beam diameter was 
2 mm and its intensity around 200 nA. The Gaussian 
beam energy spread, including the Doppler effect at 
room temperature was G = 100 eV FWHM. In normal 
incidence geometry an annular detector subtending 
0.93 sr was used. We now describe details of the 
experiments carried out in grazing incidence geometry 
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which allowed us to improve the depth resolution 
markedly. 

With the target tilted to w = 70° or more (i.e., the 
plane of the target to less than 20° from the beam) it is 
possible to put a large area detector close to the 
impact spot with its plane parallel to the beam. In our 
grazing incidence experiments a 3 cm? ORTEC detec 
tor was mounted at 1.5 cm from the center of the spot, 
at a 90° detection angle. The a-particle yields are 
independent of the detection angle, the angular distri- 
bution at resonance being isotropic [2]. The detection 
conditions are similar to those with the annular detec- 
tor used in perpendicular geometry, the solid angles 
being comparable, although not identical for two rea- 
sons: the mechanical layout differs slightly and the 
solid angle itself depends on the shape of the elon- 
gated impact spot. 

The beam size perpendicular to the tilting axis 
should be small enough in this geometry to limit the 
elongation of the spot with increasing w. In our case 
we could not use such collimation, the beam density 
from our Van de Graaff accelerator being too low 
around 150 keV, as pointed out in Part I. The elon- 
gated spots were up to ~ 8 mm wide and sufficiently 
large samples were therefore required for such experi- 
ments. With an ion implantation type accelerator like 
that of Miinster [3] there is no problem obtaining such 
low energy beams with intensities of several pA. Let us 
emphasize that for large w, beam current integration 
must be devised very carefully as secondary electron 
suppression is increasingly difficult. Special choppers, 
positioned after the beam defining slits may be used 
or, if this is impossible, an RBS based monitoring 
system might be set up. 

The resonance being weak, the highest beam cur- 
rent should be used. The only limitations in intensity 
are set by target heating, not too stringent a condition 
at these low energies, and by radiation damage effects 
which depend on the nature of the target. It seems 
reasonable to assume that, with accelerators of the 
type mentioned above, beam currents 10 to 20 times 
larger than with a Van de Graaff accelerator, i.e., 2 to 
4 nA might be applied to many inorganic targets. This 
may represent counting rates up to several hundreds of 
counts per second, at the peaks of the excitation curves, 
for samples of the type studied below. 

It should be noted that the detrimental effects of 
hydrocarbon contamination on effective beam energy 
spread increase with w. Therefore UHV conditions 
and well cleaned targets are specially important in 
grazing geometries. 


When investigating deep '*O profiles, or films of 
intermediate thickness but measured with large w, the 
energy must be varied in a wide range, up to 60 keV 
before the next resonance is reached. This is not possi- 
ble for a Van de Graaff accelerator with the 
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hysteresis-free electrostatic energy scanning system 
used in Part I: the magnet setting must be changed 
manually. This problem is probably easier to solve for 
ion implantation type accelerators. It should also be 
noted at this point that for such large energy variations 
the assumptions underlying the stochastic energy loss 
theory implemented in the program SPACES [4] break 
down. However alternative programs for deep regions 
are presently under development. 

For optimal near-surface depth resolution it might 
be necessary to minimize the Doppler broadening by 
cooling the targets to liquid nitrogen temperatures, as 
illustrated in ref. [3]. Note that the machine described 
in this reference presents a beam energy spread around 
15 eV FWHM. 


3. Depth profiling capability 


In all the excitation curve fittings and theoretical 
simulations that follow we used the value [’= 75 eV 
for the resonance described by a Breit—Wigner line 
shape. In this way, whether I" is equal to 50 or 100 eV, 
the fits and simulations will be reasonably representa- 
tive. 


3.1. Normal incidence 


The depth profiling capabilities of this resonance 
were first studied with 98% '*O enriched Ta,O, an- 
odic oxide films prepared and their thickness measured 
as described in Part I. Fig. | shows excitation curves 
recorded with the annular detector for Ta *O, targets 
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Fig. 1. Excitation curves for 98% '*O-enriched Ta 20, targets 
Annular detector with solid angle 0.93 sr; 20 uC per point; 
origin at resonance energy Ep = 152 keV. The solid lines 
represent theoretical fits obtained with the parameters: reso- 
nance width [= 75 eV; gaussian beam energy spread includ- 
ing Doppler broadening G = 100 eV FWHM; surface hydro- 
carbon contamination T = 0.4 pg/cm?. Let us emphasize that 
these measurements are background-free: the origin of the 
ordinate scale corresponds hence to zero count 
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of increasing thicknesses. The experimental data corre- 
sponding to the 595 and 170 A thick films were shown 
in Part I, fig. 2; they were used to determine the width 
of the resonance. The curves were fitted here using the 
stochastic theory of energy loss as implemented with 
SPACES. The mid point E, ,. of the rise of the curves 
is slightly shifted with respect to E, due to the energy 
loss in the hydrocarbon contamination layer. The falling 
edge corresponding to the 595 A film was fitted with a 
Gaussian approximation, a procedure complementing 
SPACES for targets too thick to be interpreted with its 
autoconvolution sum algorithm. The parameters of the 
calculations with SPACES, extracted from the width 
and falling edge of the curve labeled 595 A, are 
dE/dx = 210 keV/mg cm~? (17.8 eV /A); straggling 
root constant § = 5.7 keV(mg cm~*)~'/* (real strag- 
gling to Bohr straggling root mean square deviation 
ratio of 0.64). The fit of the curve for the 50 A thick 
film is slightly too narrow and too high. It is possible 
that this is due to some mixing, during growth, between 
the '*O atoms in this very thin isotopically labeled film 
and the '°O atoms in the underlying 35 A thick natural 
spontaneous oxide on the tantalum substrate. The pos- 
sibility of such a short-range mixing cannot be ruled 
out according to ref. [5]; with the precision level in 
depth profiling reached with this resonance we could 
now investigate this question further. 

In fig. 2 we compare the results in fig. 1 to those 
shown in refs. [6] and [7], corresponding to the high 
yield but 2.1 keV wide resonance at 629 keV, classi- 
cally used for '*O depth profiling. We may observe 
that while the counting rates are much higher, the 
broadening of the excitation curve with thickness is 
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Fig. 2. Excitation curves for 75% '*O-enriched Ta,O, targets 
measured with the classically used 2.1 keV wide '*O(p, a)'°N 
resonance at 629 keV, shown for comparison with fig. 1. 384 
eV /channel, 0.08 sr, detection angle 150°. Automatic energy 
scanning with beam dose per channel: 50 A, 20 wC; 150 A, 15 
nC; 550 A, 6 uC; 1050 A, 5 wC; 1550 A, 3 uC. The curves 
were normalized to the same charge; the real counts are those 
for the 1550 A thick film. From ref. [6] and [7]. 
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Fig. 3. Excitation curves for 90% '*O-enriched Ta,O, targets 
measured with the [ = 50 eV '“O(p, y)'’F resonance at 1167 
keV, shown for comparison with fig. 1. G,.p is the beam 
energy spread including Doppler broadening. 100 wC /chan- 
nel, 3” x3” NalkTl) detector near 0° at ~1 cm from the 
target. The curves were shifted to the same base line to 
compensate for the yield from the off-resonance cross section 
The solid lines are theoretical fits. Note the strong overshoot 
due to the Lewis effect. From ref. [7] 


much slower, saturation being reached around 1000 A 
compared with around 170 A in fig. 1. The shape of 
the saturated curves is not rectangular and the base 
line of the curves increases proportionally to the over- 
all '*O content due to the asymmetrical resonance line 
shape and to the high off-resonance cross section. 

Fig. 3 shows results similar to those in fig. 1 meas- 
ured with the very narrow resonance at 1167 keV, 
observed here through the (p, y) channel. The 152 and 
1167 keV resonances present similar widths I’, around 
50 eV, and the counting rates at saturation are also 
analogous in the respective experimental conditions 
used. It is therefore important to discuss in detail the 
relative merits for depth profiling of these two reso- 
nances. 

For a rectangular depth profile of thickness x let 
AE be the FWHM and L, ,, the 88% to 12% width of 
the falling edge of the corresponding excitation curve 
in the saturated case. The sharper the fall of this curve 
as compared to its width the better the image it gives 
of the depth profile. For thick enough films we may 
define a target thickness independent factor of merit 
m of a resonance by: AE/L, ,, = myx . In fact m is the 
ratio of dE/dx to S. The parameters describing the 
slowing down of protons around 1167 keV extracted 
from the experimental data [6], are: dE/dx = 83.6 
keV /mg cm~? (6.7 eV/A); S = 6.8 keV (mg cm~?)~!/ 
(real straggling root to Bohr straggling root mean 
square deviation ratio of 0.77). At 152 keV, m = 37 and 
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at 1167 keV, m = 12.2. The ratio = 3 of these figures 
of merit reflects the intrinsic advantage of the low-en- 
ergy resonance in depth profiling experiments as far as 
the proton slowing down process is concerned. An- 
other advantage of low resonance energies is the faster 
convergence with film thickness of the energy-loss 
spectra towards symmetrical and eventually gaussian- 
like shapes as illustrated by the various falling edges in 
fig. 1 and 3. This aspect corresponds to the fact that 
the maximum energy transfer U,.. from a proton to an 
electron in a single collision is 0.3 and 2.5 keV, respec- 
tively, for the two resonances. 


max 


At 1167 keV a strong Lewis effect shows up, confer- 
ring a high surface sensitivity to this resonance, an 
intuitive concept which will be defined more precisely 
in section 5. This effect does not appear on the excita- 
tion curves around 152 keV both because at this energy 
it is intrinsically smaller and also because of the 
stronger smearing effect of the hydrocarbon contami- 
nation, much more effective with the larger dE/dx at 
low energies. The absence of the Lewis effect in our 
experimental results at 152 keV does not mean that the 
surface sensitivity is smaller than at 1167 keV. In fact 
the stronger smearing effect of the contamination layer 
reflects an even better potential surface sensitivity at 
low energies. This will be illustrated in detail in the 
theoretical section 5. 

Let us also observe that saturation is reached at a 
smaller thickness in fig. 1 than in fig. 3, as illustrated 
by the curves corresponding to 595 and 580 A, respec- 
tively. At the other end of the depth ranges which 
might be of interest, the 1167 keV resonance may be 
useful insofar as thicker targets can be studied in 
favorable cases, the next resonance being far away and 
the dE/dx being smaller. 

A fundamental advantage of the 152 keV resonance 
is the much larger admissible target beam current as 
discussed in section 2, which may be taken advantage 
of with an implantation-type accelerator. Let us note at 
this point that while the results shown in fig. 1 may be 
improved in every respect with a machine of this type, 
those in fig. 3 were obtained in almost ideal conditions 
around 1.2 MeV (nearly the best potential stability for 
a Van de Graaff accelerator, close to the maximum 
admissible target beam current, around | pA). 

Other advantages of the 152 keV resonance with 
respect to that at 1167 keV are related to nuclear 
physics, detection and background problems. The 
(p, a) channel of the 1167 keV resonance may be used 
only under very stringent experimental conditions. As 
the range of the a-particles is shorter than that of the 
backscattered protons here, the latter cannot be 
stopped in an absorber and, except for self supporting 
thin targets, special ultrahigh speed amplification must 
be used to keep pulse pileup under control, as in ref. 
[6] for the study of AlO,/AlI films. Even that is 
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Fig. 4. Excitation curves of a thin Tas*O, layer and a buried 
Ta}*O. layer under a Ta‘°O, layer. The sum of these two 
2 , mag 
curves is equivalent to the excitation curve of a Ta,°O, 
Ta’O, /Ta$O, sandwich, as indicated. Experimental condi- 
tions and the parameters of the theoretical fits represented by 
solid lines are the same as for fig. 1 


possible only with moderate beam currents and for 
low-Z target backings like silicon, for which it is a 
necessity, as in this case the beam induced y-ray back- 
ground would prevent any measurement with the (p, y) 
channel. Moreover the a-particles must be detected at 
170°, as the yield of this resonance decreases abruptly 
below 170°. Finally the off-resonance cross section in 
the (p, a) channel is rather large and induces strong 
thickness dependent backgrounds. For high enough Z 
targei backings the (p, y) channel is much easier to use 
but the natural y-ray background remains a limiting 
factor in sensitivity, in contrast with the background- 
free a-particle detection at 152 keV. Last but not least 
the low energy resonance is the first and may therefore 
be used for near surface depth profiling even for thick 
'SQ-labeled films, as there is no contribution from the 
bulk below the resonance. This may be most useful, for 
example in the study of oxygen transport in high-T, 
superconductors. 

Fig. 4 shows how the excitation curve is shifted 
when the corresponding '“O-enriched layer is buried 
under an unlabeled one. The separation between the 
two peaks is practically total for a 170 A thick over- 
layer, which induces a slower rise of the shifted peak 
due to energy straggling. Fig. 5 shows a similar experi- 
ment carried out with the 1167 keV resonance. The 
comparison between these two results is most illustra- 
tive. At high energy the relative shift is much smaller 
and the curves present much longer asymmetrical tails. 
The latter aspect was already noticed above in connec- 
tion with fig. 3 as related to the high value of U,,,,, 2.5 
keV at 1167 keV. 
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Fig. 5. Buried '*O-labeled layer experiment similar to that in 
fig. 4, carried out with the 1167 keV resonance. Experimental 
conditions similar to those in fig. 3. From ref. [7] 


Let us note that in both figs. 4 and 5 the sum of the 
two peaks is equivalent to the excitation curve corre- 
sponding to a Ta*O,/Ta'PO,/TaO, sandwich with 
respective thicknesses 50 A/ 120 A/260 A and 50 
A/100 A/50 A. It is clear that while such a sandwich 
is well resolved at 152 keV it is not at all at 1167 keV 
In this connection it is interesting to show an excitation 
curve (fig. 6) recorded with the broader 629 keV reso- 
nance for such an isotopic sandwich, with an interme- 
diate '°O oxide layer 820 A thick; even though this 
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Fig. 6. Typical depth profiling experiment on a *O-'°O-""O 
Ta,O, sandwich measured with the broad resonance illus- 
trated in fig. 2, shown for comparison with fig. 4. 30 
uC /channel, 0.08 sr, channel zero at 616.7 keV. From ref. [7] 
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Fig. 7. Excitation curves for a thin '*O-'°O-"*O Ta,O, 
sandwich sample measured with & = 0° and w# = 70° tilts. The 
solid lines were drawn for guiding the eye 


separation is 7 times larger, the peak to valley ratio is 
markedly less favorable than in fig 4. 


3.2. Grazing incidence geometry 


A real isotopic Ta,O, sandwich of this type, but 
much thinner, was prepared by alternate anodic oxida- 
tion of tantalum in 98% '*O-enriched and natural 
water (0.204% '*O) and its total '*O and '°O contents 
were checked as described in Part I. The correspond- 
ing depth profile was measured with the 152 keV 
resonance, as shown in fig. 7. The excitation curve 
recorded with normal incidence exhibits a clear al- 
though not complete separation. We tried to improve 
the depth resolution by resorting to grazing incidence 
with a tilt w = 70°, which increases the effective thick- 
nesses traversed by the protons by a factor (1 /cos 
w&)=3. The corresponding curve in fig. 7 shows a 
reasonable separation of the two labeled layers only 70 
A apart, illustrating how powerful may be the combina- 
tion of grazing incidence geometry with resonance 
depth profiling. Let us observe that the boundaries 
between such thin '*O and '°O anodic oxide layers are 
probably not ideally sharp, as pointed out in connec- 
tion with fig. 1. It seems difficult to produce thin 
isotopic sandwich test samples with boundaries known 
a priori to be better defined. The ultimate near surface 
depth resolving capability of this resonance may only 
be determined by theoretical calculations, as will be 
shown in section 5. 
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Fig. 8. Excitation curves and theoretical fits for a thin Ta*O, 
layer measured in normal and grazing incidence geometries. 
Experimental conditions and the parameters of the theoreti- 
cal fits are the same as for fig. 1, except for the case of the 
tilted sample where the apparent thicknesses of both the 
hydrocarbon contamination layer and the oxide layer are 
multiplied by the factor 1/cos w. Note that the solid angles 
are not exactly the same. 





Fig. 8 presents a comparison of depth profiling in 
normal and grazing incidence geometries. The thin 
target used in fig. 1 was remeasured with w = 70°. At 
this tilt angle the excitation curve nearly saturates. The 
solid lines are calculated with the same parameters 
except that the thickness of the '*O labeled oxide film 
as well as that of the hydrocarbon contamination layer 
(x = 50 A, T= 0.4 wg/cm?) were multiplied by 3.4 for 
the tilted case. The agreement is satisfactory, the ex- 
perimental tails being due probably to the isotope 
mixing effects considered above. We may conclude that 
target tilting may be used most efficiently to improve 
depth resolution, except very near the surface where 
the effect of the apparent increase of the thickness of 
the contamination limits the possible gains. For deep 
regions multiple scattering may limit the maximal val- 
ues of Ww, which may be even larger than = 70°, as will 
be discussed in section 5. 


4. A typical application 


The microscopic mechanisms of oxygen transport 
during the thermal oxidation of silicon have been in- 
vestigated in our laboratory for many years by the 
group headed by S. Rigo. A particularly important 
effort has been devoted to the '*O isotopic tracing 
study of oxidation processes in dry oxygen [8,9]. In the 
recent period this effort was applied to very thin SiO, 
films, in the range below 100 A. It has been shown that 
when silicon is oxidized first in '°O, and then in '*O,, 
most of the '*O is found at the SiO,/Si interface, 
while a smaller amount of '*O is fixed at the surface of 
the silica film grown. The deep component is due to 


growth through permeation of the SiO, film by molec- 
ular oxygen, while the near surface component is due 
to defect induced exchange and diffusion processes 
depending on the heat treatment conditions: the shape 
and relative area of the near surface profile is still 
under investigation, in particular in the case of very 
thin films. For sufficiently thick films the '*O depth 
profiles were determined with the 629 keV resonance. 
For the thinner films the depth resolution of the known 
'SCQ(p, a)'°N resonances was insufficient and a step by 
step dissolution technique was used [10], the profile 
being extracted by differentiation of the '*O content 
versus remaining thickness curve. It is our aim to apply 
the high depth resolution technique described in this 
paper to the isotopic tracing study of such processes, 
with the inherent advantages of a direct, nondestruc- 
tive and nondifferential method. 

We present here the first results of this program, 
obtained on old samples from experiments carried out 
in our laboratory. Fig. 9 shows the curves obtained for 
a medium thickness SiO, layer where a 200 A thick 
'©CO film was retreated in 98% enriched '*O, at 930°C 
and 10 mbar for 18 h. The two peaks are well resolved 
even with normal incidence; the separation is complete 
with & = 70°. A thicker SiO, film was also investigated 
in grazing geometry (fig. 10). The separation is spectac- 
ular, the counts falling actually to zero around 160 
keV. This is not surprising if we consider the results in 
refs. [8]—[10] according to which no '*O is fixed in the 








185 165 185 














204 | 1804) 752 


“Tr T mane 








~ 8888 8 8 








‘ei = oo i i 
152 154 156 158 160 162 164 
Energy [keV] 





Fig. 9. Excitation curves similar to those in fig. 8 but for a thin 
'®0-'*O-'80 SiO, sandwich grown by thermal oxidation of 
silicon in natural and 98% 'O-enriched dry oxygen. 
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Fig. 10. Experimental result obtained like in fig. 9 but for a 

thicker SiO, isotopic sandwich. Note the complete separation 

of the peaks, the counts between them approaching zero, as 

they should considering the natural isotopic abundance of 
SO, 0.204%, in the “'°O” layer. 


bulk of the oxide in these experimental conditions. Let 
us note however that the latter conclusion could not be 
drawn with the precision reached in fig. 10 and its 
confirmation by this new technique may be considered 
as its first contribution to this subject. 

Fig. 11 shows for comparison a depth profiling 
experiment with the 629 keV resonance applied to an 
isotopic sandwich with a depth profile similar to that in 
fig. 10. This meausurement was also carried out in 
grazing incidence geometry with nearly the same tilting 
angle. The two peaks are distinguishable but there is a 
complete overlap between them and not much can be 




















2040 af 
Fig. 11. SiO, isotopic sandwich very similar to that of fig. 10, 
depth profiled in nearly the same grazing geometry but with 
the 2.1 keV wide 629 keV resonance. 384 eV /channel, detec- 
tion angle 150°. The comparison between this curve and that 


of fig. 10 speaks for itself. Reprinted with permission of the 
publisher. From ref. [9]. 
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deduced about the amount of '*O fixed in the middle 
region of the film. 


5. Ultimate resolution limits 


In this section we make a theoretical investigation 
of the best performance that may be expected of the 
152 keV resonance in SiO,. We have assumed ideal 
but achievable experimental conditions: Gaussian beam 
energy spread (including Doppler effect) of G = 40 eV, 
implying a target cooled to around liquid nitrogen 
temperature, and no surface contamination, which im- 
plies UHV conditions and a nondestructive in-situ sur- 
face cleaning method. SPACES [4] has been used for 
all the calculations. We have assumed dE/dx = 475 
keV /mg cm~*, and have used a value for S of 7.25 
keV (mg cm~*)~'/? based on an approximation in [6]. 
For low Z, as is the case here, this approximation falls 
very close [11] to the values of Chu [12], and Bonderup 
and Hveplund [13]. We intend to measure both the 
stopping power and the straggling constant in specially 
prepared oxides of known thicknesses, however the 
present predictions should not be very sensitive to 
small variations in these values. These theoretical pre- 
dictions should nevertheless be treated with some cau- 
tion, since the use of a simple truncated 1 /u* form for 
the primary energy loss function becomes questionable 
for the prediction of such high resolution excitation 
curves and it is possible that we may be obliged to 
adopt a more realistic form to interpret such experi- 
ments correctly. It may also become necessary to try 
and include the “half-atom’”’ effect [6,14] to account for 
the fact that all protons which contribute a count to 
the excitation curve will have had their last interaction 
with an atom at zero impact parameter. 


5.1. Surface sensitivity 


By surface sensitivity, or more precisely surface 
composition sensitivity, we mean sensitivity of the shape 
of the excitation curve to the presence of surface layers 
devoid of reacting nuclei. Such layers may be due to 
unwanted surface contamination, or to composition 
variations deliberately induced for the purpose of 
studying them. In fig. 12 we compare theoretical excita- 
tion curves corresponding to a homogeneous 'O- 
labeled oxide buried beneath 10 A of natural oxide 
with those corresponding to an uncovered homoge- 
neous '*O-labeled oxide. The curves have been shifted 
on the energy scale so that the mid-points of the rises 
occur at the same place. Our first remark is that the 
observed Lewis effect is strongly influenced by the 
presence of the inert surface oxide layer, completely 
disappearing when only 10 A of natural oxide covers 
the labeled oxide. In addition, we have done the calcu- 
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Fig. 12. Theoretical excitation curves for the 152 keV reso- 
nance in SiO, calculated for ideal experimental conditions 
(no hydrocarbon contamination, G = 40 eV). The solid curves 
correspond to a constant concentration from the surface into 
the sample, whilst the broken curves correspond to a sample 
in which the first 10 A of SiO, is not '*O-labeled. The curves 
have been slightly shifted in the energy scale so that the 
half-heights of the rises cross at zero energy. The Lewis effect 
is very sensitive to the resonance width, disappearing for 
I’ = 100 eV, whilst being readily visible for [ = 50 eV. To be 


able to use the sensitivity of the Lewis effect confidently I 


must be known as precisely as possible. The presence of even 
10 A of superficial oxide free of '*O completely annihilates 
the Lewis peak 


lations for two different values of I’ for the resonance 
width, and we can note that the difference between the 
excitation curves of the surface and buried oxides is 
rather strongly dependent on J. This highlights the 
practical importance of measuring 7° with as great a 
precision as possible. In fact with sufficiently good 
thick targets and a suitable experimental setup, such as 
that at Minster [3], it is possible to exploit the Lewis 
effect to measure I’ with the necessary precision. 


5.2. Surface depth resolution 


The usual definitions of depth resolution break 
down when depth profiling very near the surface, since 
the instrument function is neither Gaussian nor of 
fixed, or even slowly varying width. We may consider 
the instrument function to be composed of three parts: 
the natural resonance line shape (Lorentzian in the 
present case); a Gaussian component, which represents 
the beam energy spread and the Doppler effect, and 
the straggling function g(u; x). The straggling compo- 
nent is highly asymmetrical in the vicinity of the sur- 
face, and has a FWHM that varies virtually linearly 
with x for small depths [15], and a standard deviation 
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o that varies as x'/* (implying a rate of increase of o 
that is infinitely large at the surface). For narrow 
enough resonances and sufficiently good beam energy 
resolution, which is assumed to be the case here, 
g(u; x) is central to a useful definition of resolution at 
the surface. 

When, as is presently the case, the instrument func- 
tion is unimodal, the resolution R at depth x, 
classically defined as the smallest value of Ax for 
which the response to two delta functions of concentra- 
tion, one at x, and the other at x, + Ax, has a point 
of zero slope and positive second derivative. In fig. 13 
we have plotted the excitation curves corresponding to 
C(x) = 6, +6,, for various values of Ax, and it is 
clear that the theoretical surface depth resolution ts 
around 30 A. This is to be compared with the well- 
known “naive” definition which is the FWHM of the 
instrument function at the surface — in this case 95 eV 

divided by the stopping power, which gives a rather 
optimistic resolution estimate: 9 A. As demonstrated in 
the experimental section above, the depth resolution 
may be improved by tilting the target, and on fig. 13 we 
have indicated the degree of tilting that would be 
necessary to increase the seperation of two deltas 10 A 
apart to that corresponding to the figure. At 70° of 
tilt, therefore, we would expect to have a depth resolu- 
tion of about 10 A. However this number has only 
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Fig. 13. Theoretical excitation curves for the same ideal 
experimental conditions as in fig. 12 but with [’=75 eV, 
corresponding to concentration profiles which are simply two 
delta-functions; one on the surface, and the other at some 
depth in the sample. The numbers in brackets indicate the 
target tilt angle w necessary to increase the seperation of two 
deltas 10 A apart to that in the figure. The broken curves are 
the excitation functions corresponding to each delta seper- 
ately, and the solid curves simply their sum. The surface 
depth resolution at normal incidence is seen to be about 30 A 
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Fig. 14. Theoretical excitation curves in normal incidence for 
the same ideal experimental conditions as in fig. 13 corre 
sponding to finite homogeneous (full curves) and complemen 
tary error function (broken curves) '*O concentration profiles 
C(x) of the same surface concentration and containing the 


same total numbers of atoms 


nominal meaning, since the idea of continuous depth 
profiles over depths of the order of 10 A or so needs 
modification to account for the fact that at this scale 
matter itself may no longer be thought of as continu- 
ous. 


5.3. Near surface depth profiling 


As a final example of what we may hope to achieve 
under suitable conditions with this resonance we have 
calculated the excitation curves for # = 0° correspond- 
ing to finite homogeneous '*O-labeled oxides of vari- 
ous thicknesses L, and to the same number of '*O 
atoms distributed in an erfc function (of unit surface 
concentration), shown in fig. 14. erfc-type concentra- 
tion profiles could result from experiments in which a 
natural SiO, is re-oxidised in '*O,. In this case the 
lack of any background under the resonance (in con- 
trast to the 1167 keV resonance) gives good discrimina- 
tion between these two types of concentration profiles 
since the difference in the tails, even for L = 20 A, 
should be measurable. As erfc-type profiles may be 
distinguished from rectangular ones the corresponding 
diffusion coefficients might be measured directly, and 
the profiles may provide the information necessary to 
distinguish between different models for diffusion and 
surface exchange effects. 


5.4. Multiple scattering induced limitations on tilting 
angle 


Let us consider what happens at a given depth x 
measured perpendicularly to the sample surface which 
we assume is ideally flat. Let ¢ be the length along the 
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beam axis up to x, f=x/cos w. Due to multiple scat- 
tering the particle trajectories have a fluctuating shape 
which, for given /, results in a spread of the angle a of 
the particle trajectories with respect to their initial 
direction and in a fluctuation of the length of the 
trajectories up to x, which depends strongly on w. In 
normal incidence these trajectory length fluctuations 
are negligible as long as cos @ = 1. In grazing incidence 
geometry they become an important limiting factor of 
depth resolution enhancement. They induce an extra 
energy spread which combines with the ordinary en- 
ergy straggling considered so far; the latter is inherent 
to the statistical nature of the slowing down process, 
while multiple scattering induced energy spread is geo- 
metrical in nature and is proportional to dE/dx. For 
given & the effect increases with depth and with the 
atomic number of the species in the film being ana- 
lyzed. The treatment of the general problem is out of 
the scope of this paper: a detailed theoretical and 
experimental investigation is required. In this section 
we merely present some rough estimates for the case of 
SiO, based on classical multiple scattering and lateral 
spread theory. We shall consider that multiple scatter- 
ing induced energy spread may be overlooked for given 
t (and SPACES may be applied to the interpretations), 
if it is less than half of the FWHM of the straggling 
function g(u; t) for at least 85% of the beam particles. 
With this criterion we find the following typical limita- 
tions. For ¢ = 120 A we may tilt up to & = 87°, meaning 
that theoretically we may stretch out a thickness x of 7 
to 120 A. More realistically for # = 80° the resolution 
of 30 A found in fig. 13 is reduced to = 5 A in the near 
surface region. For t = 600 A our criterion leads to 76°, 
showing that we may explore a depth x of 150 A with 
an amplification of 4 while straggling effects still domi- 
nate. For w= 70° this corresponds approximately to 
the case of fig. 9. For t = 1200 A our criterion limits & 
to 67°, a more severe limitation, but which still allows 
an amplification by a factor 2.5, i.e., the exploration of 
a ~ 500A thick layer without multiple scattering play- 
ing an appreciable role. For ¢ = 2400 A w& should be 
less than 48° to respect our criterion. However fig. 10, 
where ¢ = 2400 A and # = 70°, shows that we still may 
have excellent excitation curves in these conditions, 
except that the falling edge corresponding to the deep- 
est interface is slightly broader as compared to the case 
in fig. 9 than the prediction of pure straggling theory. 

These conclusions are hence probably pessimistic 
our criterion being severe and because we considered 
the angles a@ in space while we should have used angles 
projected onto a plane containing the beam axis, a 
lengthy calculation procedure. The values above illus- 
trate however that while in the near surface region 
grazing incidence may be used with large tilting angles, 
caution should be exercised for depths x greater than 
some hundreds of angstrom in SiO,. 
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6. Conclusions 


The results illustrate the merits of low energy nar- 
row resonances in general for very high resolution 
depth profiling, due to the corresponding large dE/dx 
values. Resonances around 300 keV on Na, *°Mg, 
27Al among others are good candidates for such experi- 
ments [3]. For profiles of intermediate and large depth 
the ultimate limits of depth resolution enhancement in 
grazing incidence geometry set by multiple scattering 
induced trajectory length fluctuations should be inves- 
tigated both theoretically and experimentally in various 
materials. A comparison for such profiles of resonance 
depth profiling with SIMS techniques in '*O isotopic 
tracing would be useful. 

The method described here may have many applica- 
tions to the '°O isotopic tracer study of oxidation 
processes in addition to the case of the thermal oxida- 
tion of silicon considered above. Thus the thermal 
oxidation of Si,N, or SiC films on silicon has received 
renewed attention in the recent period [16]. Two as- 
pects of these problems may be considered: a funda- 
mental one, to understand the corresponding growth 
and exchange mechanisms, in particular the formation 
of oxynitrides; a more applied one, in connection with 
the production of oxidation resistant materials, ceram- 
ics and encapsulation layers in microelectronics for 
example. An interesting inverse problem is that of the 
nitridation of thin SiO, films. All these processes may 
be studied with classical thermal treatments, or one of 
the growing number of alternative techniques such as 
rapid thermal annealing, plasma treatments, etc. Many 
other fields of application spring to mind. The study of 
oxygen transport and exchange processes in high-T, 
superconductors for example is a domain which may 
benefit from the '*O depth profiling method presented 
here. 
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Improvements in targetry and ion beam energy resolution permit the observation of novel effects using narrow nuclear 


resonances as a probe. For the 400 kV Minster accelerator the ion-beam energy resolution was reduced to 15-20 eV at full 


ion-beam current. The development of UHV, vapor, and gas target systems allowed the use of very clean targets with variable 


density and temperature. With the energy spread of the ion beam approaching the eV level, the dynamics of the nuclear 


environment (atomic shells and solid material) become observable. Some novel applications in nuclear, atomic, molecular, and solid 


state physics are discussed 


1. Introduction 


A wide range of phenomena in pure and applied 
physics can be studied with narrow nuclear resonances 
(Pp «Ex, Ty < 100 eV). The topics range from the 
observation of chaos in nuclear spectra to depth profil 
ing measurements. Improvements in the energy resolu- 
tion of ion beams (AE /E) and the quality of targets 
enable the observation of very weak resonances and 
improve the sensitivity of applications such as depth 
profiling. Most importantly for the present discussion, 
good energy resolution (AE /E = 10~°) permits inves- 
tigation of a variety of effects which are not observed 
with moderate or poor energy resolution (AE/E = 
10~*). 

When the energy spread of ion beams (AE) ap- 
proaches the eV level, the dynamics of the nuclear 
environment (atomic shells and solid material) become 
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observable with narrow nuclear resonances, since the 
energies in the atomic or solid-state interactions are 
comparable [1]. For example, a compound nuclear state 
is actually a quasistationary state of an entire com- 
pound nuclear atom. Therefore in a nuclear collision it 
might be possible to observe replicas (or echoes, or 
satellites) of very sharp nuclear resonances, displaced 
in energy by the atomic excitation energies. Similarly, 
the lattice vibrations in a solid target lead to a broad- 
ening of a nuclear resonance due to the Doppler 
motion, which in turn can be used to measure the 
Debye temperature of the surface layer of the solid. 
Here we briefly describe technical improvements to the 
400 kV Minster accelerator, and to the ion-beam 
handling, data acquisition, and target systems. Results 
for a few novel applications in pure and applied physics 
are then presented. It should be pointed out that these 
applications involving the interface between the nu- 
cleus and its environment are just beginning and that 
no comprehensive framework has yet been developed. 


2. lon-beam energy resolution and data acquisition 


The energy resolution of ion beams is of central 
interest at all energies. From various technical consid- 
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erations we concluded [2] that a Dynamitron tandem 
accelerator appears to be ideal. However, initially we 
have focused our efforts on a low-energy machine 
the 400 kV Munster cascade accelerator. We wished 
first to demonstrate the efficacy of high-ion-beam reso- 
lution in various applications, before embarking on a 
more extensive program of technical development and 
research at higher energies and using various types of 
ion beams. We felt that the disadvantages of the re- 
striction to low energy and light ions (protons and *He) 
would be outweighed by the advantages of extremely 
good energy resolution. Details of the 400 kV accelera 
tor including investigation of the ion beam specifica 
tions have been described recently [3]. The accelerator 
provided proton beams of up to 300 wA at the target 
with an energy spread AE, < 20 eV, when the high 
voltage (HV) ripple was reduced to AE, = 4 eV. The 
major contribution to AF, arose from the ion source 
(AE,<); recent measurements [4] indicate AE,< = 15 
20 eV, and thus AE, /E <5 Xx 10~°. The energy stabil- 
ity and reproducibility was better than +3 eV over a 
time period of eight days [3,4]. 

The data acquisition and accelerator energy scan- 
ning system (fig. 1) were controlled by a personal 
computer [4]. An IEC bus system allowed automatic 
variation of the accelerator energy, which was set first 
manually near the value of interest. The energy varia- 
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tion (ranging up to 4 keV) was performed in small 
steps (as small as 0.4 eV) by applying a control voltage 
to the external control input of the HV power supply. 
This control voltage was produced by a digital to ana- 
log converter (DAC) controlled by the IEC bus. The 
HV setting was recorded by reading the voltage display 
of a 64 digit voltmeter (DVM), directly connected to 


the precision voltage dividing resistor chain of the HV 
power supply. In addition to the actual HV value at 
each energy, the counting rate of a nuclear detector 
(here: y-ray detector) was converted to logic signals via 
a single channel analyser (SCA) and registered by an 
IEC bus controlled counter. Similarly, the charge col- 
lected on the Faraday cup, converted to logic signals by 
a current to frequency converter, was also monitored in 
a counter. When an energy scan was completed, all 
data were written to a file. Further scans were then 
added to improve the statistics. The system provided 
on-line data manipulation and analyzing capability as 
well as a display of the energy dispersion of the data 
being recorded. To keep the beam current constant on 
target during an energy scan, the setting of the switch- 
ing magnet of the accelerator also was controlled via 
the DAC output. This procedure led to a target cur- 
rent change of less than 2% for an energy variation of 
up to 4 keV. In some experiments, the remaining 
ripple of the HV terminal was amplified appropriately 
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Fig. 1. Schematic block diagram of the ion-beam energy control and data acquisition system 
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and applied via a ripple-compensating circuit to the 
target, thus compensating for the ripple-induced en 
ergy spread. The IEC bus gated off all data acquisition, 
when the HV ripple exceeded a given standard value 
(e.g. in the case of a spark). 


3. Targets 


For high-resolution investigations using narrow nu- 
clear resonances, the quality of the target is extremely 
important. For this reason an UHV system has been 
developed which allows in-situ fabrication of extremely 
clean targets of variable thickness. The target tempera 
ture T can also be varied. This system [3] was used for 
studies of solid state effects. For other investigations, 
such as concurrent atomic and nuclear excitations, 
windowless gas and vapor targets of variable thickness 
and temperature have been developed [4-6]. These 
systems permitted the utilization of extremely thin tar 
gets (less than one monolayer thickness: N, < 1 x 10" 
atoms /cm?), with significantly reduced Doppler broad- 
ening. 


4. Concurrent atomic and nuclear excitations 


For simplicity, consider a monoenergetic projectile 
with energy E,, incident on a target atom (monolayer 
target). The projectile excites a narrow nuclear reso- 
nance which is observed via the characteristic nuclear 
radiation. Since each projectile initiating a nuclear 
resonance must pass through the electron cloud of the 
target atom, it can with some probability excite or 
knock out an electron. This process results in echoes, 
or satellites, of the nuclear resonance at higher ener- 
gies (E,, > Ex), corresponding to emission of K, L, 
M, ... electrons before (or at the same time as) the 
resonance is formed. The “replica” resonances are 
displaced in energy by the respective atomic excitation 
energies and have a 1/E° tail describing the ionization 
into the continuum. The impact parameter b on the 
atomic scale is obviously very small and it is usually 
permissible to assume b= 0. The yield of the replica 
resonances relative to the total yield reflects the corre- 
sponding atomic excitation probabilities’ Py ; y(b = 0). 
In real experiments, these structures are broadened 
due to contributions from the finite energy spread of 
the ion beam (AE;) and from Doppler broadening of 
the target atoms (AE,): AE. =(AE? + AEB)’ 
Therefore one expects to observe an asymmetric high 
energy shoulder at E,, > E, which may still reflect the 
individual atomic excitations. 

Fig. 2a shows data obtained at the E, = 272 keV 
resonance in 7'Ne(p, y)**Na. One sees clearly an 
asymmetric high-energy shoulder superimposed with 
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Fig. 2. (a) Yield curve of the E, = 272 keV resonance in 

*!Ne(p, y)**Na. The curve through the data points are fit 

results using Voigt profiles, with an 1/E* dependence above 

the L- and K-shell thresholds. (b) Larger energy scan around 

272 keV resonance revealing a new resonance at 

keV. The Voigt profiles (solid curves) have been 
calculated only in the region of the two resonances 


edges at E, = 34+3 eV and E, = 1150 + 50 eV, cor- 
responding fairly well to L, ,(2p)- and K(1s)-shell ioni- 
sation of the compound atom Na, respectively. The 
curve through the data points is a fit using Voigt 
profiles, with a 1/E* dependence at energies above 
the L-shell edge. The deduced atomic excitation proba- 
bilities are P,(b=0)=0.42+0.04 and P,(b=0)= 
(1.0 + 0.5) x 10 consistent with available atomic 
physics data [10]. Similar results were also obtained for 
other resonances in *'Ne(p, y)**Na [4], as well as for 
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the Ey = 309 keV resonance in **Na(p, y)**Mg (here 
M-shell excitation could also be observed [5]) and for 
the E, = 184 keV resonance in the a—a scattering [6]. 
Fig. 2b shows data indicating the existence of a 
nuclear doublet, at E, = 271 and 272 keV, separated 
by AE, = 889 + 5 eV, with total widths of [, <5 and 
<3 eV, respectively. Previous investigations reported 
only one resonance with I’, < 100 eV. This example 
demonstrates the potential of high-resolution ion beams 
for nuclear physics research, i.e., resolution of poten- 
tial doublets (or multiplets) and measurement of reso- 
nance widths in the range I, = 1 to 100 eV, which are 
inaccessible (or difficult) with other techniques. 


5. Molecular physics 


The E, = 126 keV resonance in *'Ne(p, y)**Na 
was investigated using both a proton beam (E,, = 126 
keV) and a H, molecular beam (Ej, = 252 keV). The 
resulting yield curves (fig. 3) are drastically different: 
the very broad structure observed with the molecular 
beam probably arises from the Coulomb explosion of 
the molecule. Again, a high-resolution ion beam ampli- 
fies enormously the effects of this process. Such experi- 
ments and their analyses may contribute to solutions of 
some open questions in molecular physics 


6. Energy-loss (collision) spectrum 


At the projectile energies of the present work (E,, 
= 120 to 310 keV), the energy loss of the projectiles in 
a target is dominated more than 99% by electronic 
energy-loss mechanisms [7]. The projectile (mass m.,,) 
transfers an energy Q to the electrons (mass m,). This 
energy transfer varies between Q,,,,, (i.e., the binding 
energy of the electrons in the target) and Q,,., = 
4E,m./m, (i.e., the classical recoil energy). It involves 
all atomic impact parameters b (both close and distant 
collisions) and is discrete, varying between Q,,;, and 
Qnax With probability W(Q), which is called the colli- 
sion spectrum. For free electrons, W(Q) is described 
by the Thompson law 


W(Q) dQ =const dQ/Q’, 


and the energy loss per unit path length, dE/dx, is 


dE/dx = const In[ Q,,4x/Qmin |- 


However, the electrons cannot be considered as free 
for all values of Q (at least not for Q near Q,,,,,) and 
Qin also can not be calculated reliably. For these 
reasons, one usually takes Q,,;, as an adjustable pa- 
rameter to fit the observed dE/dx value [7]. A de- 
tailed knowledge of W(Q) is not only important for the 
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Fig. 3. Yield curves at the Ep, =126 keV resonance in 
2!Ne(p, y)?2Na obtained with (a) a proton beam and (b) a H, 
molecular beam 


microscopic understanding of the stopping power, but 
also for the Lewis effect (see below). 

Measurements of W(Q) were performed in two 
ways: (i) comparison (subtraction) of yield curves ob- 
tained for a target of monolayer thickness with that 
obtained for a thicker target; and (ii) comparison of 
yield curves with and without energy loss of the beam, 
produced in a windowless gas cell filled with Neon gas 
prior to the monolayer target [4]. An illustrative exam- 
ple is shown in fig. 4. The subtracted yields have to be 
deconvoluted to correct for energy resolution of the 
ion beam and the Doppler broadening. One sees an 
energy-loss spectrum with a mean value of about 100 
eV, consistent with the mean reported ionization value 
from dE/dx fitting [7,8]. 
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7. The Lewis effect 


The quantized character of the energy loss of ener 
getic-charged particles penetrating through matter is 
manifested in the Lewis effect on the thick-target yield 
curves of narrow resonances. The standard signature is 
a peak (the Lewis peak) near Ex, followed by the usual 
plateau. Since the charged particles lose energy Q in 
and Q 


> E, will “jump over” the reso 


discrete steps (between Q 
with an energy F 


-= max)» Some particles 


p 
nance and do not contribute to the yield; for projectiles 


incident at E, 


react. The thick-target yield is given by the expression 


E,, however, all have a chance to 


Y*(E,) = [°Y(E,-2)W*(Q) dQ, 
where A is the target thickness (in units of eV) and 
Y(E,, — Q) is the thin-target (monolayer) yield curve 
including information on [,, AE,, AE», and atomic 
excitations at impact parameter b = 0. The yield curve 
Y *(E,,) is thus the integrated convolution of Y(E,, 
Q) with the collision spectrum W *(Q), which can be 
derived from the single encounter collision spectrum 
W(Q) [9]. Therefore, W(Q) is the key quantity in the 
description of the Lewis effect. 

The thick-target yield curve obtained at the E, 
272 keV resonance in *'Ne(p, y)**Na using a window 
less gas target (fig. 5a) shows clearly the Lewis peak 
followed by a plateau with damped oscillations. Fold 
ing and integrating the measured functions Y(E,, — Q) 
and W(Q) (figs. 2a and 4), the resulting curve repro 
duces the data fairly well. For comparison, data are 
shown in fig. 5b at the E, = 309 keV resonance in 
“Na(p, y)°*Mg obtained with a solid target. The Lewis 
peak is also clearly visible but it is smaller in magni 


er ow 
TR athe eran 


Fig. 4. Collision spectrum obtained from yield curves at the 
Ey = 272 keV resonance in 7'Ne(p, y)*?Na 
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Fig. 5. (a) Thick-target yield curve for the Ep 272 keV 

resonance in *'Ne(p, y)*?Na using a windowless gas target 

(T = 25 K). The calculated curve through the data points is 

based only on experimental data. (b) Thick-target yield curve 

for the E, = 309 keV resonance in ~’Na(p, y)**Mg using a 
solid target (7 = 77 K) 


tude, mainly due to the existence of the lattice motion 
of the solid (zero point vibrations) leading to a value of 
AE, = 41 eV [3]. This Doppler width can in turn be 
used to extract a value for the Debye temperature of 
the phonon spectrum at the target surface. Thus, high- 
resolution ion beams can be used to measure solid-state 
properties 
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Nuclear microanalysis by means of 350 keV Van de Graaff accelerator 
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An inexpensive and quantitative method to depth profile hydrogen and helium isotopes in low-Z materials (Z < 25) by ERD 
E x B and, simultaneously, elements heavier than the substrate by RBS, has been developed. It uses a 350 keV He” beam, 


low-noise ion-implanted detectors and a filter built out of crossed magnetic and electric fields. Typically, with this setup, the depth 
resolution (which depends significantly on the materials) is ~ 4 nm at the surface degrading to ~ 15 nm at a depth of 100 nm, 
while the depth probed is ~ 100 nm for H and He and ~ 500 nm for heavier elements. The sensitivity is ~ | at.% for H and He, 


= ().1 at.% for other light elements (e.g.: C, N, O, etc.) and | ppm for heavier elements such as gold. It is also possible to use a 350 
keV 'H* beam to simultaneously depth profile heavier elements by RBS and identify them by PIXE. These combined techniques 
are especially useful to detect elements with neighbouring Z, such as stainless steel components 


1. Introduction 


Quantitative depth profiling of elements in materi- 
als has many applications in science. For example, to 
characterize thin film deposits, to perform archaeologi- 
cal dating, to identify the elements making up a com- 
pound and many others. Our interest concerns the 
plasma—wall interaction in thermonuclear devices 
Quantitative depth profiling of H, He and heavier 
elements is an essential tool to study the erosion of the 
wall surrounding the plasma, the transport of eroded 
particles in the plasma “scrape-off layer” (SOL) and 
their codeposition (with H and/or He) onto other 
parts of the wall. Depth profiling of H and/or D is 
crucial for the understanding of gas recycling, wall 
inventories and irradiation effects to be expected in 
future machines. For example, the depth profiles of H 
and heavier elements trapped in samples exposed dur- 
ing a given time in the SOL of a tokamak, give infor- 
mation, on one hand, about the energy distribution and 
the fluxes of incident atoms and, on the other hand, 
allow one to establish the plasma composition in the 
SOL. 

lon beam analysis usually necessitates an expensive 
nuclear installation. Also, there are few techniques 
which can depth profile simultaneously H (or He) and 
heavier elements with sufficient sensitivity and depth 
resolution. To overcome these difficulties, we have 
developped and inexpensive, quantitative depth profil- 
ing technique which uses a 350 kV accelerator and 
low-noise ion-implanted detectors with a resolution 
(standard deviation) of 3 keV. The H and He isotopes 
are depth profiled by elastic recoil detection (ERD) 
induced by a *He* or a *He* beam. The backscat- 
tered He are energy-analyzed and depth profiles of 
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heavier elements are also obtained from them. A 350 
keV 'H* beam is used to simultaneously depth profile 
heavier elements by Rutherford backscattering (RBS) 
and identify them by means of proton induced X-ray 
emission (PIXE). These combined techniques are espe- 
cially useful to detect elements with neighbouring Z 
In this paper, our nuclear microanalysis installation 
will be described. Some examples will be presented 
and the advantages as well as the limitations of this 
setup will be discussed and compared to other tech- 
niques. 


2. Brief description of the techniques used 
2.1. ERDEXB 


H depth profiling by means of the ERD EXxB 
method was developed several years ago [1] and has 
been extended to the depth profiling of D, T, *He and 
*He [2]. A schematic diagram of our setup is shown in 
fig. 1. A 350 keV *He* or *He* beam is incident at an 
angle of 65° with respect to the normal to the surface. 
The recoils R* (H*, D*, T*, *He* or *He*) are 
energy-analyzed at an angle of 45° to the beam. Scat- 
tered projectiles and other elastic recoils emerging in 
various charge states are climinated by means of an 
appropriate adjustment of an achromatic filter using 
crossed magnetic and electric fields. The procedure to 
adjust this filter depends on the detected recoil and is 
described in detail elsewhere [2]. The R* spectrum is 
corrected for the undetected R° and/or R~ and/or 
R?* fractions [3] and it is then deconvoluted into a 
depth profile with a computer code which uses the 
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stopping powers of Andersen and Ziegler [4]. Typically, 
the sensitivity is ~ 0.5% for H isotopes and ~ 2% for 
He isotopes. 

The 3 keV resolution (standard deviation) of the 
ion-implanted detector limits the depth resolution at 
the surface to ~4 nm. Deeper in, straggling and 
principally multiple scattering degrade it. The last has 
been evaluated approximately, by means of the LSS 
expression [5] for the screened Coulomb cross section 
The details of the calculations were described ecarlict 
[6,7]. The depth resolution (standard deviation) 5. 
(which depends on the material and on the detected 
recoil) at a depth x can be calculated by 


o-xX Oo Ky r OX.) 4X FO, i (1) 


where 85°x,, the detector contribution, and 5x,, and 
5.,, the straggling and multiple scattering contribution, 
respectively, are given in tables of ref. [2] for different 
materials and for cither “He or *He beam. Typically at 
100 nm depth the resolution is 12 nm in Be and 20 nm 
in Si for H isotopes and, 16 nm in Be and 25 nm in Si 
for He isotopes. The ion-beam-induced desorption may 
also be another inaccuracy source [8]: depth profiles 
may be modified and the absolute quantity may be 
underestimated. It is recommended to use the correc 
tion curves given in ref. [8] and/or to use very low 
current beam (~ 5 nA) and to perform many analyses 
at different positions (if there is no spatial irregularity) 
limiting each analysis to a beam charge of ~ | pC 
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2.2. RBS 


RBS analysis is usually performed simultaneously 
with ERD E xX B analysis. The backscattered He parti- 
cles are detected at an angle @ 157.5° to the beam. 
The grazing incident angle (65° to the normal to the 
surface) allows better sensitivity and depth resolution 
but limits the depth probes to ~ 250 nm. When the 
thickness of the analyzed layer is large, the atomic 
numbers Z of the probed elements have to be distant 
from each other in order to avoid overlapping of sig 
nals corresponding to each element. To discriminate 
overlapping signals, an incident angle of 10° is some 
times used and the depth probed is then increased to 
~ 500 nm 

The raw data is deconvoluted into a depth profile 
with our own computer code which uses the stopping 
powers of Andersen and Ziegler [4]. This code can do 
many iterations using the preceding profile (with a 
more correct sample composition) to compute the true 
energy lost in the sample. The sensitivity increases with 
the atomic number Z. Typically, with a *He beam 
incident at 65° relative to the normal of the target, it is 
~ 0.5% tor C, ~ 0.2% for O, ~ 200 ppm for Si, ~ 100 
ppm for Fe, ~ 30 ppm for Mo and ~ 10 ppm for Au. 
The depth resolution at the surface is also limited by 
the detector resolution (3 keV). It is typically ~ 5 nm 
in C, ~3.3 nm in Si and ~ 1.5 nm in Mo and Au 
Deeper in, multiple scattering and principally strag 
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Fig. |. Schematic diagram of the combined ERD E 
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B and RBS methods showing the ERD and RBS interaction geometries, the 


E X B filter, collimator positioning, the detectors and the beam current measurement 
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Table | 
Values of and 6., for the depth-resolution of 
profiles obtained by RBS (350 keV *He beam) calculated with 


the equation 8°x = 8° xy + bx 4x +654 


Material 8°x, (nm?) 5x,, [nm] 

58.98 0.422 

22.18 0.233 

11.09 0.197 

10.50 0.159 

3.46 0.255 

1.88 0.136 

2.16 0.292 29.94 x 


gling degrade it. For example, at 250 nm depth, the 
resolution is ~ 15 nm in C, ~ 11 nm in Si and Mo and 
~ 16 nm in Au. Depth resolution 5x as a function of 
the depth x can be calculated with equation | [7] 
Values of 8°x,, 5x,, and 6., are given in table | for 
some typical elements. It is interesting to note that for 
low-Z materials such as Be and C, multiple scattering 
affects significantly the depth resolution while for high 
Z materials such as Mo and Au, it is negligible. This is 
due to the large difference in energy of the backscat 
tered *He. Detailed description of RBS analysis is 
available in the literature 


2.3. PIXE 


PIXE measurements are done by means of a 350 
keV 'H* beam incident at right angle and we usually 
perform RBS analysis simultaneously. PIXE is used to 
identify elements with atomic numbers 14 < Z < 35 in 
matrices of similar or higher Z, by detecting the K-shell 
X-rays (it is possible to identify higher-Z elements by 
detecting L-shell X-rays). It is also useful to identify 
elements with neighbouring Z, such as stainless steel 
components or to discriminate overlapping RBS sig 
nals. Although feasible [9], we have not done any depth 
profiling by means of PIXE up to now. The computer 
code GUPIX [9] is used to deconvolute the raw data 
Typically, the sensitivity is ~ 2x 10'* S/cm*, ~ | » 
10'° Fe/cm* and ~1%x10'® Ge/cm’ with K-shell 
X-rays. One can find good discussions on the use of a 
350 keV H beam for PIXE analysis in the literature 
(e.g., ref. [10)) 


3. Experimental setup 


Our apparatus is based on a 400 kV Van de Graaff 
accelerator (from HVEC), with several home-made 
improvements. The beam line consists of an Einzel 
lens, X-Y deflectors, a quadrupole doublet lens, a first 
set of cooled collimators located at a focal point, a 90 
analyzing magnet and a second set of collimators 
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These two last clements insure an energy beam stabil- 
ity of ~ 2 keV. The beam current is measured by a 
Faraday cup and, during analysis, by the backscattering 
yield from a rotating bicycle wheel-like tungsten target 
Typically, on the target the beam size is 1 mm*. The 
whole beam line is built out of ultrahigh-vacuum com- 
ponents and is pumped by a 360 1/s and two 50 I/s 
turbomolecular pumps 

The 60 cm diameter stainless stecl analysis chamber 
is pumped by a 450 1/s turbomolecular pump. A liq- 
uid-nitrogen-cooled plate is used to reduce the water 
vapour pressure. The base pressure is ~ 5 x 10°” mbar 
while in operation the typical pressure is ~ 2 x 10°" 
mbar. Referring to fig. 1, the E x B filter (B = 1 kG, E 
variable from 0 to —5 kV/cm) and the detector are in 
a separate vacuum chamber, isolated by a gate valve, 
which is evacuated separately by a 80 1/s turbomolecu- 
lar pump. A 0.28 x 1.37 mm? collimator is located at 
the entrance of the E x B filter, at a distance of 475 
mm (imposed on us by the dimensions of the vacuum 
chamber) from the target, defining a solid angle of 
1.70 x 10 


solid angle and so, the sensitivity). The detector is 


sr (a shorter distance would increase the 


movable from outside and a 3 mm wide collimator is 
located just in front of it. Another movable half-col- 
limator is used to reduce, when necessary, the detector 
aperture 

The detector for RBS analysis is also located in a 
separate vacuum chamber, isolated by a gate valve, and 
evacuated separately by a 50 1/s turbomolecular pump 
A 4.23 x 0.58 mm? collimator is located in front of this 
detector, at a distance of 426 mm from the target, 
defining a solid angle of 1.35 x 10° st 

The recoils and the backscattered particles are en 
ergy-analyzed by means of uncooled low-noise thin- 
window ion-implanted silicon detectors (from 
Enertec—Schlumberger) which are exposed every night 
to dry air at | bar to avoid increase of their reverse 
current. A way to reduce the reverse current is to 
increase the bias potential (from ~ 60 to ~ 110 V) for 
several hours 

The X-rays for PIXE measurements are detected in 
a Si(Li) detector at an angle » = 135°. The detector is 
located behind a 25 pm Be window (blocking the 
scattered ions) at a distance of 385 mm from the 
sample, defining a solid angle of 5.30 x 10~* sr. In this 
case also, the sensitivity is strongly limited by the 
dimension of our setup. The solid angle could be 
increased by a factor of ten (and even more) and, 
consequently the sensitivity would be improved. 


4. Examples 


Examples of depth profiles of H and He isotopes 
implanted in materials and analyzed by means of the 
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Fig. 2. (a) Depth profiles of H implanted at different low 
energies in Si as measured by the ERD E X B method. (b) 
Depth profiles of H, D, *He and *He implanted at 1 keV in 
Be (at different concentrations), as measured by the ERD 
E < B method 


ERD EXB method, are shown in fig. 2. All the 
profiles are resolution-broadened. In Fig. 2a, H was 
implanted at different low energies (0.2, 0.5, 1.0, 1.5 
and 2.0 keV) in (100) oriented Si. Implantations, were 
performed at an angle of 22.5° to avoid channeling. A 
large surface H peak is present on the profiles of H 
implanted at 1.5 and 2.0 keV because these profiles 
were done under a poor vacuum without using any 
liquid-nitrogen-cooled plate. This allows us to check 
that the widths of these surface H peaks are consistent 
with the calculated resolution at the surface. The pro- 
files of H implanted at lower energies were done with 
the setup as described in section 2 and the H surface 
peak measured on a virgin sample corresponded to 
~ 2 at.%. One can easily subtract it. 

The goal of these implantations was to measure 
mean ranges and variances of H implanted into Si. It is 
shown that the depth resolution is sufficient to perform 
these measurements at a energy as low as 200 eV (and 
even lower) which gives an excellent tool to do such a 
study. As expected, mean ranges and variances in- 
crease with the implantation energy. The values are in 
fair agreement with the code TRIM-90 [11]. More 
detailed results and discussion on this subject will be 
published in a future paper. 

Fig. 2b shows depth profiles of H, D, *He and *He 
implanted at | keV in Be but at different doses. As 
expected, mean ranges and profile widths are higher, 
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one the one hand, in H isotopes than in He isotopes 
and, on the other hand, in D than in H as well as in 


*He than in “He. The measured mean ranges and 


variances are in fair agreement with Andersen—Zieg- 
ler’s compilation. However, contrary to results of H 
implanted in Si, mean ranged and variances of H 
implanted in Be disagree with TRIM-90 [11] computa- 
tions, as already reported in a preceding paper [3] for 
the measurements of D-projected ranges and variances 
in Be and C. 

Depth profiles of Al samples with 100 nm Cu de- 
posits and with 100 nm Au deposits are shown in fig 
3a and 3b, respectively. These profiles were obtained 
by the RBS of 350 keV 'H* incident at right angles 
and simultaneously, PIXE measurement was per- 
formed. These profiles were done to calibrate and 
adjust the PIXE measurement (not shown here) for 
different deposit layer thicknesses. The flatness of the 
Al profiles indicates that one can measure depth pro- 
files up to a depth of ~ 1 um 

The two last examples are from the analysis of 
samples exposed to plasma discharges in TdeV 
(Tokamak de Varennes). Fig. 4 shows depth profiles of 
H and impurities deposited and/or implanted on/in a 
Be sample exposed to = 1500 plasma discharges of 
= 700 ms each. The sample was fixed at the position of 
the wall surrounding the plasma. So, it represents a 
coupon of the wall and gives many information on the 
plasma—wall interaction. As shown in fig. 4, C, F, O 
and “Ni’’, in fact Ni = 50%, Cr = 28% and Fe = 22%, 
as measured by Auger electron spectroscopy [12], as 
well as 8 x 10'* Al/cm* and some traces of Mo were 


) 


CONCENTRATION (10 AT/cm 
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Fig. 3. Depth profiles of Al samples with (a) 100 nm Cu 
deposits and with (b) 100 nm Au deposits, as measured by 
RBS of 350 keV 'H* beam 
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detected on the collected probe. C, O and Ni are 
expected impurities eroded from the graphite limiters 
and/or the neutralization plates, from water vapour 
and oxides, and from the Inconel and stainless steel 
walls surrounding the plasma, respectively. These im- 
purities travelled in the plasma edge to be deposited 
elsewhere onto the wall. However, the presence of F is 
more surprising. It was also detected by AES [12] 
There are some probable F sources such as the ceram- 
ics widely used in our machine to isolate some electric 
components, vacuum greases and Viton seals. It is also 
known that X-rays radiated from the plasma can re- 
move fluorine from these materials. 

H was also detected in the collector probe. How- 
ever, the H profile is different from those of impuri- 
ties. This is due to the fact that while some H was 
codeposited at low incident energy along with the 
impurities, additionnal H came from the plasma core 
by charge exchange, with an energy equivalent to the 
ion temperature, and were thus deeply implanted in 
our sample. Using the H profile width and subtracting 
the codeposition contribution, an ion temperature of 
~ 540 eV [13,14] was estimated. 

Sometimes, the deposits are too thick to be mea- 
sured by means of RBS. In such cases, the impurity 
concentration was obtained by PIXE. An example is 
shown in fig. 5. Coupon of Be was exposed ~ 5 mm 
behind an outboard graphite limiter, facing the plasma, 
during 112 plasma discharges [14]. Concentrations of 


13x 10'* Ti/em*, 3.1 10" Cr/cem’, 1.3 x 10" 
Fe /cm? and 2.8 x 10'° Ni/cm’, as well as some traces 
of K, S, Si and Al were measured by PIXE. When this 
experiment was performed, the plasma was surrounded 


—_ 
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Fig. 4. Depth profiles of H, C, O and Ni deposited and/or 

implanted in/on a Be sample exposed at the position of the 

wall to ~ 1500 plasma discharges of ~ 700 ms each in TdeV 

These profiles were obtained by the combined ERD E x B 
(for H) and RBS methods. 
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Fig. 5. PIXE measurement of a Be sample exposed to plasma 
discharges in TdeV at a distance of ~ 5 mm from the plasma 


by two stainless steel guard limiters and consequently, 
the Fe concentration was higher. Also, a TiC test 
limiter was used for some discharges and it is the Ti 
source [14]. 


5. Discussion and conclusion 


The possibility of doing depth profiling of H, He 
and heavier elements simultaneously and routinely is a 
great advantage of our combined ERD E x B and RBS 
techniques. These techniques are inexpensive, quanti- 
tative and accurate. They have excellent depth resolu- 
tion, good sensitivity and do not necessitate an expen- 
sive nuclear installation. RBS and PIXE analyses by 
means of 350 kV accelerators were used in many other 
laboratories (e.g., ref. [9,10]) before we installed them. 
They complement the ERD E x B method allowing us 
to depth profile and/or quantify heavier elements in- 
cluded or implanted in materials. However, the ERD 
E < B method is particularly attractive because it com- 
pares favourably with many other more expensive tech- 
niques by its depth resolution, and the possibility of 
depth profiling quantitatively all the H and He iso- 
topes. For example, ERD with 2 MeV *He and 30 
MeV *Cl have a depth resolution ~ 25 nm and 8 nm, 
respectively. The 'H('°N, ay)'*C technique has an ex- 
cellent depth resolution of ~2 nm but it requires 
higher energy and it cannot be used for depth profiling 
other elements. The D(*He, a)p is widely used because 
it needs only a modest accelerator; however, it can be 
used only for D (and *He) profiling and its depth 
resolution is limited to ~ 15 nm. 

The ERD E XB technique has also some weak- 
nesses. The depth probed is limited to ~ 100 nm, the 
depth resolution degrades with depth and depth profil- 
ing is limited to low-Z materials. Also, the sensitivity of 
0.5 to 2% could be improved by decreasing the dis- 
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tance between the target and the collimator at the 
entrance of the E XB filter [2]. The surface of the 
sample has to be flat when grazing angles are used. 
The roughness of the surface affects the depth resolu- 
tion and the sensitivity because the relationship be- 
tween the path length of the beam and detected parti- 
cles and the depth of interaction is strongly modified. 
Also the measurement may be not quantitative because 
the elements in the shadow of the beam remain unde- 
tected. 

Finally, an attractive possibility would be to perform 
all the three methods (ERD E x B, RBS and PIXE) 
simultaneously. The difficulty is due to the low cross 
section of X-rays production by a 350 keV He beam. 
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Rutherford backscattering spectrometry (RBS), elastic recoil detection analysis (ERDA) and nuclear reaction analysis (NRA), 
are routinely used in the analysis of electronic materials. Application of these techniques together provides both light and heavy 
elemental concentration profiles to a depth of several microns. Examples are given of the analysis of layers of CVD produced 
Si,N, and metallised porous silicon using RBS, ERDA and (d, p)-NRA, with elemental depth profiles being extracted to a depth 
of about 5 1m. Computer simulations of (d, p) spectra from carbon, nitrogen and oxygen, illustrating the expected proton energy 


distributions, are also presented 


1. Introduction 


Electronic devices constructed on optically flat sili- 
con wafers are built up of thin layers which have 
received many processing steps to produce different 
materials such as doped silicon, oxides, nitrides, metals 
and silicides. In general, the thickness and composition 
of a layer is well defined by the materials used to 
produce it and the overall aim for the device dimen- 
sions, usually of the order of microns. All these fea- 
tures make silicon structures ideal candidates for anal- 
ysis by nuclear reaction analysis (NRA), Rutherford 
backscattering spectrometry (RBS) and elastic recoil 
detection analysis (ERDA), where elemental depth 
profiling is possible with minimal interference to the 
layers themselves [1]. This paper describes the ways in 
which these techniques have been applied to charac- 
terise silicon wafers processed to produce the above 
surface layers. Probably the most used analysis tech- 
nique in semiconductor characterisation is RBS be- 
cause silicon is a relatively light element, and there- 
fore, the backscattered signal from implanted heavy 
dopant elements or metallised sections stand out clearly 
above the silicon signal. In many materials, however, 
the light element content is also important and in these 
cases NRA is often used as it is largely sensitive to 
light elements, particularly in the presence of heavy 
elements. Many of the processing steps leave hydrogen 
in the new material. Therefore, it is important to have 
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a clear idea of its distribution and ERDA is used to 
provide rapid depth profiles of hydrogen isotopes in 
the near surface regions. 

One of the major advantages of RBS is that the 
interaction cross section follows the well known 
Rutherford analytical form (with some exceptions for 
light elements at high energies). It is therefore possible 
to calculate expected yields and hence arrive at ele- 
mental number densities in samples. Interpretation of 
spectra is relatively straightforward, providing the full 
range of elements present in the sample is known. RBS 
is best used to profile the distributions of trace concen- 
trations of heavy elements in matrices composed of 
light elements. The depth range attainable with the 
conventional 2 MeV alpha scattering experiment is 
limited to roughly the top micron depending on the 
material. However, the depth resolution is reasonably 
good with around 10 nm being routinely achievable in 
the near surface region. 

Information can often be obtained to a much greater 
depth using NRA where nuclear reactions with a posi- 
tive Q value can give products with quite high energy 
and hence penetration. The penalty paid for this pene- 
trability is a poor depth resolution when compared 
with RBS. Unfortunately, NRA cross sections are usu- 
ally not well behaved, often varying markedly with 
reaction energy, and are usually poorly quantified. The 
main virtue of NRA is that often the technique is 
totally free from interference from reactions with high 
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atomic number nuclei where the Coulomb barrier in- 
hibits reactions. Hence NRA is ideal for profiling the 
elemental distributions that RBS is particularly insensi- 
tive to, such as small concentrations of light elements 
distributed throughout matrices composed of heavy 
elements. 

Kinematically it is impossible for conventional alpha 
RBS to detect directly the presence of hydrogen iso- 
topes. However, if hydrogen is present in a matrix it is 
possible to profile its depth distribution using the 
ERDA technique. Here the alpha beam is introduced 
to the target at a glancing angle and the forwardly 
scattered hydrogen recoil is detected. The glancing 
geometry implies that the absolute depth that can be 
analysed with a 2.5 MeV beam is limited to about 500 
nm and because of straggling in the stopper foil placed 
in front of the detector the depth resolution is limited 
to approximately 50 nm. Nevertheless, ERDA provide 
a fast nondestructive method for determining the hy- 
drogen concentration in the near surface of materials. 

When RBS, ERDA and NRA are used together, 
elemental depth profiles can be constructed over a 
depth of many microns with good depth resolution 
near the surface, where compositions often change 
rapidly. NRA, RBS and ERDA measure specifically 
the number of atoms present in layers of materials. It 
is not possible without further information to convert 
this measurement into a linear thickness, as it is well 
accepted that the density of a thin layer is often 
different from that of the bulk material [2]. Having 
generated a composite depth profile, therefore, it is 
necessary to provide additional information, from other 
analysis techniques, to establish the absolute linear 
thickness. In many such techniques, depth profiles are 
generated by sputtering away layers of the sample, raw 
data is provided as a sputter time, and absolute depth 
scales are provided from visual or mechanical measure- 
ments on the analysis “crater”. 


2. (d, p) analysis of carbon, nitrogen and oxygen 


Carbon, nitrogen and oxygen depth profiles in pro- 
cessed silicon are routinely analysed in our laboratory 
using the (d, p) nuclear reaction. The ground state 
reaction for nitrogen has a very high Q vaiue which 
allows this proton group to be clearly observable in the 
presence of most competing reactions. However, both 
carbon and oxygen have relatively low Q values which 
cause problems when the analysis of silicon based 
materials is attempted because silicon produces a large 
number of proton groups, some with relatively high Q 
values. Table 1 shows the deuteron induced nuclear 
reactions used to analyse carbon, nitrogen and oxygen, 
their Q values, and their product energy, for the 
detection geometry of 150° and incident deuteron beam 
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Table | 

A compliation of the nuclear reactions used in these analyses, 
their Q values, and the reaction product energy, determined 
at 150°, for incident 1.1 MeV deuterons before and after 
passing through a 12 ym Al absorber foil 


Q value Reaction Reaction 
product 


Reaction 


product energy 


energy after stopper foil 
[MeV] [MeV] 


Carbon 
2C(d, p,) °C 3.065 


Nitrogen 
'4N(d, py)!°N 8.485 
'4N(d, p; »)'°N 3.619 
'4N(d, p,)'°N 28 2.761 
Nid, p,)'°N 2.020 
Nid, p<)'°N 1.887 
'4Nd, p,)'°N 1.039 1.658 
4N(d,a,)'?C 13.574 9.851 
Nid, a) )'°C 9.144 6.705 
Oxygen 
'°O(d, p,)'’O 1.917 2.500 
"Od, p,)'""O 1.046 = ‘1.715 


energy of 1.1 MeV, before and after passing through a 
12 um AI foil. In all cases the cross sections vary 
considerably with energy. For the case of thin layer 
analyses it is sufficient to design the experiment so that 
a proton group is produced at an incident deuteron 
energy where the cross section is relatively flat. For 
thick layer analyses (several microns) a low deuteron 
energy is chosen (1.1 MeV) where most of the silicon 
reactions are suppressed by the Coulomb barrier. Use 
is then made of the published cross sections [3] to 
simulate (d, p) spectra and extract depth profiles from 
fits to experimental data. In general, absolute cross 
section data is known to be unreliable. However, cross 
section shapes tend to be reasonably reliable and it is 
therefore usually sufficient to normalise cross sections 
so that good fits to spectra from the standard materials 
are obtained and to use these values in the analysis of 
unknown samples. 

A simulation code, written in this laboratory by 
J.C.B. Simpson [4], is used to simulate RBS, ERDA 
and NRA. A proposed target surface structure, consist- 
ing of layer thicknesses and elemental number densi- 
ties, is supplied to the routine. Simulations are then 
compared with experimental data using residual differ- 
ences and the proposed layer structure altered until a 
good fit is obtained. A facility is also available which 
allows slowly varying concentrations to be simulated by 
specifying a layer thickness and the elemental number 
densities at the front and back of a given layer. The 
program then makes a linear interpolation of the con- 
centration values within this layer. Cross sections taken 
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NEL NUMBEI 
Fig. 1. Simulated proton energy distributions of the 
'©O(d, p,)'’O group for the 1.1 MeV deuteron bombardment 
of thin SiO, layers. Spectra correspond to layer thicknesses of 
0.1, 0.25, 0.5, 1.0, 2.0, 3.0, 4.0, 5.0, 6.0 and 7.0 um, measured 
at a laboratory angle of 150° and with a 12 um Al absorber 
foil placed over the detector. The energy width of each 
channel is 7.395 keV 


from the compilation of Jarjis [3] are presented to the 
program in tabular form. Unfortunately this compila- 
tion is a University of Manchester internal report, 
which is out of print, and is not now generally avail- 
able. It is useful therefore to quote here the references 
used by Jarjis. Cross sections for the '*C(d, p,) reac- 
tion were taken from Debras and Deconninck [5], T.W 
Bonner et al. [6], Cords et al. [7], Kashy et al. [8], 
McEllistrem et al. [9], and Katman et al. [10]. Cross 
sections for the '*N(d, p) (py, to p;) and Nid, a) (ay 
and a,) reactions were taken from Amsel and David 
[11], Gomes-Porto et al. [12] and Debras and Decon- 
ninck [5]. Cross sections for the '°O(d, p) (py, and p,) 
were taken from Debras and Deconninck [5], Seiler et 
al. [13], Dietzsch et al. [14] and Amsel and Samuel [15] 

Examples of simulated spectra from the (d, p) reac- 
tions from oxygen in normal density SiO, layers of 
various thickness have been produced and the results 
for the p, and p, groups are shown in figs. 1 and 2. An 
incident beam energy of 1.1 MeV was assumed. In real 
analyses backscattered deuterons are not allowed to 
enter the detector because the high count rate distorts 
the spectra and their signal would mask low energy 
proton groups. A 12 ym Al absorber foils is therefore 
placed in front of the detector. The protons contribut- 
ing to the signal in these simulations are assumed to 
have passed through such an absorber foil. The shape 
of the proton energy distributions follows closely the 
differential cross sections and it is clear that layers up 
to about 5 ym thick can be satisfactorily measured. A 
similar set of curves is shown in fig. 3 for the '*C(d, p,) 
reaction. Here it has been assumed that the carbon is 
uniformly distributed throughout an SiO, layer at a 
1% atomic density. The reason for choosing this com- 
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Fig. 2. Simulated proton energy distributions of the 

“O(d, p,)’'O group for the 1.1 MeV deuteron bombardment 

of thin SiO, layers. Spectra correspond to layer thicknesses of 

0.1, 0.25, 0.5, 1.0, 2.0, 3.0, 4.0, 5.0, 6.0 and 7.0 wm, measured 

at a laboratory angle of 150° and with a 12 um Al absorber 

foil placed over the detector. The energy width of each 
channel is 7.395 keV 


position is that it is similar to the small carbon depth 
distributions found in the analysis of processed silicon 
layers. The maximum analysis depth for carbon in SiO, 
is about 4 um. Analysis of nitrogen using the '*N(d, p) 
reaction is a rather more complex situation because 
many more proton groups are available (fig. 4). The p, 


group has a very high energy and therefore suffers very 
little interference from competing reactions. However, 


the cross section is not well known, and because of the 
high energy the depth resolution is poor. The p,,, 
groups are much lower in energy and are often clear of 
competing reactions. In this case two proton groups, 


HANNEIL 


HANNEL NUMBEI 

Fig. 3. Simulated proton energy distributions of the 
'2C(d, py)'°C group for the 1.1 MeV deuteron bombardment 
of thin SiO, layers containing 1% atomic 2C nuclei Spectra 
correspond to layer thicknesses of 0.1, 0.25, 0.5, 1.0, 2.0, 3.0, 
4.0 and 5.0 41m, measured at a laboratory angle of 150° and 
with a 12 um Al absorber foil placed over the detector. The 

energy width of each channel is 7.395 keV 
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I MiEI 
Fig. 4. The charged particle spectrum from the 1.1 MeV 
deuteron bombardment of a thin layer of Si,N, measured at 
a laboratory angle of 150°. Peaks arising from nitrogen (and 
carbon) are labelled. Other peaks arise from silicon. The 


energy width of each channel is 10.75 keV 


which are too close in energy to be easily resolved, 
contribute to the yield. However, it is perfectly possible 
to use a composite cross section in simulating the 
proton energy distribution. Fig. 5 shows the expected 
spectrum shape for the p,, groups for various thick 
ness Si,N, layers. In this case depth profiling down to 
about 7 pm is possible. The '*N(d, a) groups also offer 


the possibility of depth profiling but unfortunately the 
absorber foil before the detector tends to degrade the 
higher resolution potentially available with alpha parti- 
cles. 


44 460 


HANNEL NI MBER 
Fig. 5. Simulated proton energy distributions of the 
'SN(d, p, 2)'°N group for the 1.1 MeV deuteron bombard 
ment of thin Si,N, layers. Spectra correspond to layer thick 
nesses of 0.1, 0.25, 0.5, 1.0, 2.0, 3.0, 4.0, 5.0, and 6.0 um, 
measured at a laboratory angle of 150° and with a 12 um Al 
absorber foil placed over the detector. The energy width of 
each channel is 7.395 keV 
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Fig. 6. RBS spectra, measured at 150° with 2 MeV incident 
He ions, for Si,N, films of thickness 106, 233 and 339 ym on 


a silicon substrate. The energy width of each channel is 3.685 


keV 


3. CVD-produced Si,N, layers 


Silicon nitride is used as an insulating and protec- 
tive layer on silicon and has many applications in 
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Fig ERDA hydrogen recoil spectra from Si,N, films of 

thickness 106, 233 and 339 nm on a silicon substrate. A 2.5 

MeV He ion beam was incident on a target placed at 15° to 

the beam with recoil protons detected at 30°. The energy 
width of each channel is 1.65 keV 
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silicon processing. One route to producing thin nitride 
layers is low-pressure chemical vapour deposition 
(LPCVD) where ammonia is reacted with SiH,Cl, to 
produce a layer of Si,N,, which also contains signifi 
cant levels of hydrogen. A series of nitride layers with 
thicknesses in the range 100-400 nm and produced in 
two different nitriding kits has been analysed by NRA, 
RBS and ERDA. RBS analysis with 2 MeV He ions 
gave a measure of the uniformity and thickness of the 
nitride layers and showed that the chlorine content was 
negligible. Residual hydrogen was measured using 
ERDA with 2.5 MeV He ions and was found to be 
uniformly distributed throughout the layer at 16% 
atomic. Typical RBS spectra, measured at 150° to the 
incident beam, are shown in fig. 6 and elastic recoil 
proton spectra, detected at 30° to the incident beam 
and measured with the sample at an angle of 15° to the 
incident beam, are shown in fig. 7. The shapes of these 
spectra are consistant with uniform composition layers 
of silicon nitride containing hydrogen. Fits to the RBS 
data, made using tabulated nitrogen and silicon stop 
ping powers were used to derive the nitrogen areal 
number density and a linear thickness was calculated 
assuming a bulk nitride density of 3400 kgm ~ [16] 
The average result for four samples in each of the 
three thickness groups is shown in column 2 of table 2 
Alternative measurements were made of layer thick- 
ness using the reflected intensity of light with wave 
length in the range 400-800 nm (““Nanospec’’) and the 
scattering of polarised light (“Ellipsometer”) and the 
results of these measurements are tabulated in column 
1. The difference is rather large and an explanation 
was sought in the accuracy of the density assumed in 
the RBS calculations. Assuming a uniform nitride cover 
over the Si wafers, a layer density was calculated from 
a measure of the weight gained during processing and 
the results shown in column 3. A value significantly 
lower than the book value for bulk nitride was ob 
tained and if this new value is used with the RBS data 
a corrected thickness is derived and is presented in 
column 4. Finally, it should be noted that the stopping 
power for nitrogen in Si,N, is reported to be about 
6% lower than that measured for the gaseous value 


Table 2 
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which is usually tabulated [17] and if this revised value 
is used in simulating the data good agreement is 
achieved with the optical measurements as shown in 
column 5. These data amply illustrate the difficulty of 
obtaining linear thickness measurements using nuclear 
techniques alone 


4. Metallised porous silicon 


Porous silicon is produced when silicon is electro- 
chemically anodised in HF acid in a process which 
removes very fine “cylinders” of material along the 
electric field direction, leaving a form of “porous sili- 
con” whose density can be reduced to approximately 
half that of bulk silicon [18]. Such material has a very 
high surface area to volume ratio and is very chemi- 
cally reactive. In addition, as the anodising process is 
sensitive to the resistivity and type of dopant in the 
silicon, complex distributions of porous material both 
on the surface and in buried layers can be produced by 
doping different regions in the appropriate manner 
The porous layer can easily be converted to oxide, 
nitride or oxynitride to form good dielectric layers or 
can be converted to metal or silicide to produce con- 
ducting layers or paths both between and under partic 
ular structures [19] 

A wafer of silicon was anodised to produce a porous 
layer 5 wm thick and this was processed in a chemical 
vapour deposition rig to induce metal or silicide depo- 
sitions which where analysed by 2 MeV RBS and 1.1 
MeV (d, p) NRA. Because porous silicon has such a 
large surface to volume ratio, even a monolayer of 
oxide will produce a significant oxygen content. Also, 
because of the complex structure, the material tends to 
getter gaseous molecules containing carbon from the 
atmosphere, and from the processing and metallisation 
environment. Therefore, in any assessment of the met- 
allisation process, it is essential to measure the light 
element content 

Two different metallisation processes have been 
investigated with porous silicon samples. In both cases 
metal is expected to have penetrated into the pores 


Results of analysis of Si,N, layers using optical and nuclear techniques 


Si,N, RBS 
thickness 


Ellipsometry RBS RBS 
thickness Nanospec 


Ellipsometry (p = 3400) p 


thickness thickness 
(corr p) 
Nanospec {kem~*] [nm] 


[nm] 


(corr p) 
(corr €) 


Group | 106.9 + 1.4 2 2920 
238.7+3.3 ; 2960 


369.6 +4.7 2/8 3060 


Group 2 
Group 3 320+ 16 
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Fig. 8. RBS spectrum measured at 150° with 2 MeV incident 
He ions, from a 5 um thick porous silicon layer metallised 
with cobalt in a chemical vapour deposition kit. The solid 
curve is a computer simulation assuming a 300 nm thick 
surface layer of Co containing 20% atomic light elements 
Beneath this layer the porous silicon contains about 15% Co 
and 30% light element atoms (See also fig. 10). The energy 

width of each channel is 2.875 keV 


and also, possibly, to have built up on the surface. In 
addition the samples were expected to contain carbon 
and oxygen. In the first sample CVD deposition of Co 
was desired. The RBS spectrum for this sample is 
shown in fig. 8 where it is clear that a metal layer of 
about 300 nm thick has built up on the surface in 
addition to penetrating the pores. The surface layer is 
found also to contain about 20% atomic light elements 
(carbon and oxygen) but the silicon edge suggests that 
the layer has been grown on top of the silicon. The 
cobalt content inside the pores is rather low at about 
10% atomic. The RBS simulations give a reasonable 
measure of the elemental content down to a depth of 
about 700 nm. Light element contents were measured 
using (d, p) reactions with 1.1 MeV deuterons as illus 
trated in the dotted spectrum shown in fig. 9. Com- 
puter simulations of the RBS and NRA data indicate 
that the 0.3 wm surface metal layer contains 10% 
carbon and 10% oxygen atoms. Below this layer, the 
top regions of the porous silicon contain 10% carbon 
atoms reducing to 6% atoms at the back interface and 
40% oxygen rising to 50% at the back interface. Ele- 
mental depth profiles, derived from the combined RBS 
and NRA data, are shown in fig. 10 where the depth 
scale has been derived from a knowledge of the thick- 
ness of the porous silicon (5 pm) and the cobalt 
thickness from the RBS spectrum assuming a bulk 
cobalt number density with added oxygen and carbon 
atoms. 

An enlarged view of the '°O(d, p,)'’O group is 
shown in fig. 11 together with the response from an 
as-produced porous silicon sample and a simulated 
response from a fully dense 5 ym layer of SiO,. The 
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Fig 9. Proton spectra from 1.1 MeV deuteron bombardment 
of metallised porous silicon samples. The Spectrum of dots 
was from a sample metallised with cobalt and that of lines 
from a sample metallised with a CoSi silicide process. Protons 
were measured at a laboratory angle of 150° using a detector 
covered by a 12 ym Al absorber foil. The energy width of 
each channel is 7.395 keV 


oxygen in the as-produced sample appears to be less 
than 2 pm thick. However, as the layer is only half 
normal density the signal actually indicates about 10% 
oxygen atoms spread throughout a 5 ~.m porous layer. 
The porous microstructure has typical dimensions in 
the range 5-10 4m and should therefore have only an 
averaging effect on the RBS and NRA spectra. The 
spectrum from the metallised sample, as illustrated by 
the dotted curve shows clearly the increase in the 
oxygen content toward the back interface and the 
suppressed signal in the cobalt surface layer. 

Another set of samples was metallised by a CVD 
precursor which was designed to deposit CoSi silicide 
A typical RBS spectrum is shown in fig. 12 where it is 
seen that a thin surface CoSi layer 90 nm thick has 
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Fig. 10. The elemental depth profile for the cobalt metallised 

sample of porous silicon derived from the combined RBS and 

(d, p) measurements. The depth scale has been derived from a 
knowledge of the thickness of the porous silicon (5 4m) 
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Fig. ll. A_ section of a (d, p) spectrum showing the 
'©O(d, p,)'’O group for three different samples. A measured 
spectrum from a lightly oxidised 5 mm thick porous layer is 
plotted as stars, while a measured spectrum from a more 
heavily oxidised 5 ~m porous layer which has a 0.3 pm 
overlayer of cobalt is plotted in dots. A computer simulated 
prectrum for a 5 ym layer of fully dense SiO, is shown as a 
continuous curve. The energy width of each channel is 7.395 
keV 


been formed and that CoSi has penetrated the pores 
(probably as CoSi). The (d, p) spectrum for this sample 
is shown as lines in fig. 9. In this case the oxygen and 
carbon content is slightly lower. However, in the sur 
face layer both oxygen and carbon contents are signifi 
cantly higher. The depth profile derived from the RBS 
and NRA spectra is given in fig. 13 where the depth 
scale has been derived from a knowledge of the thick 
ness of the porous silicon (5 4m) and the CoSi thick- 
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Fig. 12. RBS spectrum measured at 150° with 2 MeV incident 
He ions, from a 5 um thick porous silicon layer metallised 
with cobalt silicide in a chemical vapour deposition kit. The 
solid curve is a computer simulation assuming a 9 run surface 
layer of CoSi containing 50% light element atoms. The porous 
silicon beneath this layer contains 8% Co atoms and 35% 
light atoms. (See also fig. 13). The energy width of each 
channel is 2.84 keV 
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Fig. 13. The elemental depth profile for the cobalt silicide 

coated sample of porous silicon derived from the combined 

RBS and (d,p) measurements. The depth scale has been 

derived from a knowledge of the thickness of the porous 
silicon (5 pm) 


ness from the RBS spectrum assuming the number 
density for CoSi with added oxygen and carbon atoms. 


5. Conclusions 


The power of RBS, NRA and ERDA in analysing 
processed layers in silicon has been confirmed and the 
difficulty of translating the atomic number densities so 
obtained into linear thicknesses demonstrated. It is 
recommended that any reported nuclear measure- 
ments of linear thickness be accompanied by full de- 
tails of assumptions made about stoichiometry or 
porosity 

Elemental depth profiles to a depth of about 5 um 
have been measured on metallised porous silicon using 
a combination of RBS and NRA. Good depth resolu- 
tion is obtained from RBS near the surface where 
concentrations are changing rapidly, whilst NRA pro- 
vides information to a much greater depth. Again the 
difficulty of working with materials which contain small 
voids has been highlighted. 
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Non-Rutherford scattering of protons by light elements 


J.M. Knox 


Physics Department, Idaho State University, Pocatello, ID 83209, USA 


The use of H* beams with a few MeV of energy allows the analyst to probe much deeper into a sample than would be possible 
with a similar helium beam. The price one pays for this greater depth is a loss of mass resolution. For the light elements (lithium to 
neon) being discussed here, there is an additional problem and benefit: the scattering cross section, in several instances, deviates 
significantly from the Rutherford formula; very often this deviation enhances the sensitivity of the analysis. This paper reviews the 
available experimental cross section data for lithium to neon and discusses one method of modeling these cross sections 


1. Introduction 


The typical backscattering experiment consists of a 
beam of ions incident on a sample the elemental com- 
position and structure of which may be unknown. The 
usual ions used for this work are He* or He?*. In 
certain circumstances heavier ions may be used, e.g., in 
elastic recoil spectroscopy, or, for greater analysis 
depth, a proton beam may be used. Often the sample 
may be tilted to provide better resolution of the near- 
surface layer(s). In this standard experiment, the inci- 
dent ions are thought to interact with the Coulomb 
potential of the various nuclei in the sample. For the 
lower mass ion beams, the scattered ion distribution is 
not isotropic; most of the ions are scattered in the 
backward direction, i.c., toward the incoming beam. 
Thus a detector such as a silicon surface barrier detec- 
tor placed at as large a back angle as possible (nor- 
mally around 160°) will collect the largest number of 
scattered ions in a unit solid angle per unit of charge 
incident on the target. 

In this review we consider the ion beam analysis of 
materials containing light elements (Z = 3-10); the 
incident ions are moderate energy (2 MeV or less) 
proton beams. Protons have two advantages over he- 
lium and heavier ions in that their probing depth is 
much larger and the cross section for elastically scat- 
tered protons from these light elements is often large 
enough, due to nuclear contributions, that the sensitiv- 
ity of the analysis is improved. For example, in an 
energy region near 1.0 MeV where proton scattering 
from carbon is nonresonant, the proton cross section is 
nearly 180 mb/sr while the helium cross section is 
somewhat less: about 150 mb/sr at 165°. At the reso- 
nant proton energy of 1.735 MeV, the comparative 
values are 940 and 51 mb/sr, respectively. This en- 
hancement of proton scattering compared with helium 
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scattering is particularly useful when the signal due to 
helium ions scattered by the heavier elements within 
the sample masks the signals from helium scattered by 
the lighter elements. 

The price one pays for the improved sensitivity with 
protons is that the depth resolution is reduced and the 
cross section no longer follows the well-known E 
dependence of the Rutherford model. This is due to 
the penetration of the Coulomb barrier by the protons 
and, therefore, nuclear potential and energy levels of 
the compound nucleus must be considered in the scat- 
tering problem. The details of proton backscattering 
have been reviewed recently by Rauhala [1] and need 
not be discussed further here. 

Often the effects on the elastic scattering cross 
section of nuclear potential and nuclear resonant scat- 
tering processes are to enhance the scattering cross 
sections by factors from 2 or 3 times the Rutherford 
value to as much as 2 or 3 orders of magnitude over 
the Rutherford value. However, there are some situa- 
tions where the actual cross section may be less than 
the Rutherford value. When the analyst is aware of 
these contributions, one may take advantage of the 
enhancements, whether resonant or nonresonant, to 
increase sensitivity by carefully choosing the energy of 
the incident ion beam. It is then very useful to have the 
correct cross section available in the modeling program 
used to assist in the analysis. 

The present paper reviews the data available for 
protons scattering from the most common isotope of 
the elements lithium through neon and, using a fitting 
function similar in form for each element, obtains 
multiparameter fits to these cross sections. This func- 
tion is then readily inserted in modeling programs such 
as RUMP [2] which assist in the analysis of the sample. 
While we have not fit the stable isotopes of lesser 
abundance, notes on the general shape of their cross 
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section are provided where appropriate. We have re- 
stricted this review to data taken at a large laboratory 
scattering angle (150-—170°) and to protons with energy 
less than 2 MeV. 


2. Theory 


The form of the fitting function used for all of the 
cross sections has been described previously [3] as a 
summation of successive Fermi steps with each step 
requiring three parameters: 


o(E)= DoE)’ 


where A is an adjustable overall scaling parameter and 
D(E) is given by 


B; 
D( E) = l T Z a E -E,) ° 
‘ 1+exp, — — 


| Ww 


In this expression, the B, give the height and direction 
(up or down) of the step; the E; give the energy 
position of the step; and the W, give the step width. 
The fit is accomplished with standard, nonlinear, least 
squares routines [4]. In order to avoid finding a false 


minimum in the multidimensional parameter space, 


the parameters provided to the fitting routine are 
obtained in a short modeling session on a PC with a 
spreadsheet configured to plot the data and the pro- 
posed fit. 


3. Data 


The input values for the proton elastic scattering 
cross section have come from a variety of sources: 
recent data from this laboratory [5] and the laboratory 
at the University of Helsinki [6,7] plus published data 
from 1953-1970. The older published data are nor- 
mally presented as a graph which must then be en- 
larged so that numerical values may be obtained to use 
as input data to the fitting procedure. This process of 
enlarging and reading values from the plot necessarily 
introduces some additional error into the data used in 
the fit. Thus the fitting parameters are not as accurate 
as they are when the cross section data is presented in 
tabulated form. However, the fit fo this “estimated” 
cross section leads to a considerable improvement in 
the analysis of materials containing light elements as 
compared to using only the Rutherford values for the 
cross section. In the following, we will consider the 
data available for each element in turn. All scattering 
angles are given in the laboratory system. 


Non-Rutherford scattering of protons by light elements 


3.1. Lithium 


The mass seven isotope comprises about 92% of 
natural lithium; the other 8% is °Li. Note that the 
exact percentage may vary somewhat with the source of 
the material. We have used our own data [8] taken at 
160° along with the data of Bashkin and Richards [9] at 
164°. The data of Warters et al. [10] was not used for 
two reasons: (1) our measurements [8] and the earlier 
work [9] are in good agreement with each other but 
some 25 to 50% smaller than Warters’ values; (2) the 
energy range covered (0.373—1.398 MeV) by Warters et 
al. is not high enough to meet our needs here. Note 
that the °Li cross section rises from the Rutherford 
value at 400 keV to a broad (600 kev) resonance at 
approximately 1.75 MeV that is 29 times larger than 
the Rutherford cross section [11]. 


3.2. Beryllium 


The most recent data we could find in the given 
energy range and with a good back angle is that of Mo 
and Hornyak [12] at 158.7°. Earlier work [13], plotting 
the ratio of the cross section to the Rutherford value, 
is reasonably consistent with ref. [12]. Mo and Hornyak 
were able to obtain a physically based theoretical fit 
using R-matrix theory with several resonance levels 
included in the model. This fit was not used here 
because it is different in functional form and parame- 
terization than the fit used for the other elements’ 
cross sections. 


3.3. Boron 


Elastic proton scattering for ''B, which is 80.2% of 
naturally occurring boron, has been measured by Taut- 
fest and Rubin [14] at approximately 150° from 0.600 to 
2.0 MeV. Data on '’B (19.8% of natural boron) [15] at 
an angle or 154° has not been modeled in this work. 
However, it should be noted that for '’B the cross 
section between 0.2 and 1.4 MeV is seen to increase 
linearly from the Rutherford value at 200 keV to 
approximately three times Rutherford at 1.4 MeV. At 
1.50 MeV and at 2.1 MeV very large resonances are 
displayed which are also shown to be very strongly 
scattering-angle dependent. 


3.4. Carbon 


The data for '*C (98.89% of natural carbon) come 
from three sources. We have used Rauhala’s [6] data 
for proton energies greater than | MeV and an average 
of data from Goldhaber and Williamson [16] and Jack- 
son et al. [17] for proton energies less than 1 MeV. 
Scattering angles are 170, 164, and 169.2°, respectively. 
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CROSS SECTION (mbysr) 





1,2 7 1,4 1.6 
PROTON ENERGY (MeV) 


DATA ~*~ FIT 
Fig. 1. The measured cross section for ’Li (squares) in mb /sr is plotted versus incident proton energy. The fit, using the parameters 
in table 1, is given by the plus symbols; the pluses are connected by a line which is only an aid to viewing the fit 


3.5. Nitrogen 1.4 MeV incident proton energy and an average of 
Olness et al. [18] and Bashkin et al. [19] at lower 
As with the carbon data, the nitrogen 14 data was energies. The scattering angles are 170°, 168.1° and 


discussed previously [3]; '*N comprises 98.63% of natu- 160.9° respectively. These data are also consistent with 
ral nitrogen. The data come from Rauhala [6] above that of Tautfest and Rubin [14] taken at 150 
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12 14 
PROTON ENERGY (MeV) 


DATA —*~ FIT 


Fig. 2. The measured cross section for "Be (squares) in mb/sr is plotted versus incident proton energy. The fit, using the 
parameters in table 1, is given by the plus symbols; the pluses are connected by a line which is only an aid to viewing the fit 
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CROSS SECTION (mbysr) 





i 1,25 15 
PROTON ENERGY (MeV) 


© DATA —*- FIT 
Fig. 3. The measured cross section for ''B (squares) in mb/sr is plotted versus incident proton energy. The fit, using the 
parameters in the table 1, is given by the plus symbols; the pluses are connected by a line which is only an aid to viewing the fit 


3.6. Oxygen 170° over the applicable energy range. While the shape 
of the cross section is somewhat similar to the Ruther- 


Luomajarvi et al. [7] have published measured cross ford E~* dependence, upon comparison, it is clear 
section values for '°O (99.76% of natural oxygen) at that there is a considerable difference in magnitude at 





CROSS SECTION (mb/sr) 











1 12 14 
PROTON ENERGY (MeV) 


O DATA —*- FIT 
Fig. 4. The measured cross section for '*C (squares) in mb/sr is plotted versus incident proton energy. The fit, using the 
parameters in table 1, is given by the plus symbols; the pluses are connected by a line which is only an aid to viewing the fit. 
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PROTON ENERGY (MeV) 


O DATA —*- FIT 


Fig. 5. The measured cross section for '*N (squares) in mb/sr is plotted versus incident proton energy. The fit, using the 
parameters in table 1, is given by the plus symbols; the pluses are connected by a line which is only an aid to viewing the fit. 


these energies. The data is easily fit with a polynomial; 3.8. Neon 

however, for consistency we have retained the Fermi 

step form as discussed earlier with regard to beryllium. There are two stable isotopes of neon with signifi- 

cant abundance: “Ne and “Ne appear at 90 and 10% 

respectively. Due to the narrowness and number of the 
The data is taken from our previous work [5] with a resonances, we have not modeled either isotope of 

scattering angle of 165° below 1 MeV and 153° above | neon. Bloch et al. [20] have studied “°Ne and Keyworth 

MeV. et al. [21] have studied **Ne using scattering angles of 


3.7. Fluorine 








CROSS SECTION (mbysr) 





“| 12 
PROTON ENERGY (MeV) 
© DATA — FIT E-- RUTHERFORD 


Fig. 6. The measured cross section for '°O (squares) in mb/sr is plotted versus incident proton energy. The fit, using the 
parameters in the table 1, is given by the plus symbols; the pluses are connected by a line which is only an aid to viewing the fit 
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Table | 
The table gives the parameters used to obtain the fits to the proton scattering cross sections for the light elements discussed. The 


number of steps and the overall amplitude or scaling factor required are given. The position (E,), height (B,) and width (W,) are 
given for each step in the fitting function 





Element 
Steps 
Amplitude [A] 


"Li 


14.54 





Position, E; 


[MeV] 


Height, B, 


Width, W, 
[keV] 


0.9389 


1.055 
1.179 


1.48x 10" 


1.648 

2.582 

1.062 
—0.5311 


0.8820 
0.9429 
1.094 
1.088 
1.098 
1.312 
1.164 
1.555 


0.6495 
0.8311 
1.724 


3.386 

4.470 

0.6592 
0.3924 
0.1836 
0.2417 
0.3128 
0.7982 


18.09 
14.48 
40.24 
6.468 
0.9901 
26.45 
28.45 
203.7 


72.73 

43.56 
284.6 
281.6 





eT ey 


~ 


34.60 


0.4213 
0.4753 
0.5870 
0.4504 
1.656 
1.688 
1.769 


0.6758 
0.1345 
0.1952 
0.4699 
0.8261 
1.002 

0.9667 


26.79 
6.126 
191.5 
0.5881 
1.864 
7.529 
5.492 


l4n 
8 
70.05 


0.8927 
1.062 
1.068 
1.490 
1.550 
1.864 
1.733 
1.750 


0.6009 
0.7026 
- 0.6164 
— 0.6076 
0.5739 
0.4278 
0.3463 
0.4375 


134.1 
3.100 
3.272 

56.47 
5.054 

5196 
4.591 
0.8534 


OD 
I 
75.37 


0.7969 


640.3 


0.8580 
0.8869 
0.9126 
0.9515 
0.9595 
1.365 
1.381 
1.391 
1.417 
1.420 
1.428 
1.696 
1.720 
1.875 


0.2926 
0.1274 
0.04754 
0.2024 
0.07865 
0.06879 
0.2531 
0.4402 
0.4399 
0.3986 
0.5695 
1.055 
0.4889 
0.3888 
0.4649 


14.84 
1.374 
0.5393 
110.1 
0.8505 
0.5405 
89.15 
3.049 
1.149 
2.533 
28.24 
3.926 
41.84 
11.79 
33.53 





141 and 160°, respectively. The Bloch study is at a 
smaller angle than included in this review and presents 
the cross section measurements only within a few hun- 


dred eV of the four observed resonances at 1.169, 
1.311, 1.504, and 1.955 MeV. These resonances are 
very narrow: approximately 250, 1000, 250, and 6000 
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12 


14 


PROTON ENERGY (MeV) 


DATA —*-~ FIT 


Fig. 7. The measured cross section for '’F (squares) in mb/sr is plotted versus incident proton energy. The fit, using the 
parameters in the table 1, is given by the plus symbols; the pluses are connected by a line which is only an aid to viewing the fit 


eV, respectively. They are also no more than 2.5 times 
the Rutherford value. Thus it is not clear that these 
resonances will be observed when a 15 keV resolution 
surface barrier detector, such as commonly used in ion 
beam analysis, is used for data acquisition. The situa- 
tion is somewhat similar with 7*Ne as there are some 
27 anomalies in the measured cross section between 
0.8 and 2.1 MeV [21]. Some of these are a few kilovolts 
wide, but most are only a few electron volts in width 


4. Results and conclusions 


The measured cross section data and the resulting 
fits are plotted in figs. 1-7. The number of steps 
required along with the parameters used in each of the 
fits are displayed in table 1. As can be seen, the 
multiparameter fit using a summation of Fermi steps 
successfully models the experimental data. These fits 
may then be incorporated into a backscattering model- 
ing program to provide the analyst with a much more 
accurate portrayal of the sample. The techniques used 
here are readily extended to other angles and energy 
ranges as appropriate for different accelerator and 
analysis facilities. 
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The influence of surface topography on the depth resolution 
of the PIGE depth profiling technique 


F. Plier, H.-E. Zschau and G. Otto 


Department of Physics, University of Leipzig, Linnéstrasse 5, Leipzig, O-7010, Germany 


When calculating the depth resolution of the PIGE depth profiling technique, it can often be assumed that the target has an 
ideal smooth surface. However for many targets (enamel, ceramics) the surface roughness must be taken into consideration. A 
model of a rough surface was procuded and was used to calculate the influence of experimental arrangement on the depth 
resolution. An approximate formula is given, from which the depth resolution of the depth profiling technique, applied to a rough 
surface (incidence angle 3; = 0°}, can be calculated 


1. Introduction 
H(max) 

In PIGE (particle induced gamma-ray emission 
spectrometry) depth profiling of an ideal smooth tar- 
get, an estimate can be made of the depth region, in 
which incident particles (incidence energy E,) excite 
the resonance of a nuclear reaction (resonance energy 
E,). The total energy spread across this region has 
been calculated using ref. [1]. H(min) 
re = Tg +13+T3, (1) 
where I’, I, and I’; are expressed in keV and repre- 
sent the FWHM of the excited depth region, the 
FWHM of the nuclear reaction resonance, the FWHM Fig. 1. Description of the parameters for the target with 
of the beam energy resolution, and the FWHM of the surface roughness. 
straggling distribution, respectively. 

The so called depth resolution At of the profiling 
technique can be estimate by means of I: 

r 
(oe, (2) 
pS( ER) 


where S(E,) in keV/(g cm~*) is the stopping power 
of the target at the proton of energy E, and p in 
(g/cm*) is the mass density. 

But which formula is valid for a target with surface 
roughness? The aim of this work is to describe the 
influence of surface roughness on the depth resolution 
of the depth profiling measurements. 


2. Methods 


The study of the influence of surface roughness on t 
the depth resolution was made using theoretical simu- 


Fig. 2. Penetration of incident protons (£,) in a target with 
lations. 


rough surface 
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Measurements were carried out on aluminum layers of high points. This rough surface model can be used 
to prove the theoretical results. to calculate the penetration depths of particles in a 

In order to describe the rough surface, the surface solid. Fig. 2 shows that protons hitting the target sur- 
line (fig. 1) was divided into N equidistant intervals, face under defined experimental conditions (0,, E,) 
each defined by a high point H(i) in the middle of the attain the resonance energy E, at different depth 1 
interval. The assumption was made that a Gaussian due to surface roughness. These differences in depth 
approximation can be used to describe the distribution were caused by the additional regions of surface struc- 
of these high points around the surface line of an ideal ture encountered by protons, like those between A and 
smooth target (0-line, fig. 1) [2]. This H(i)-distribution B (fig. 2), and also by the different heights H at which 
(FWHM = A‘,..) describes the probability distribution the protons hit the target surface. For each high point, 


number of particles (rel. unit 


x. * 300 nm : Distribution G in a smooth target 
(at,, * Onm ) for different 
% solid ( _ 0°). 


X,* 700 nm 


120 


x,° 1100 nm 


02 04 06 O8 1 12 1 
depth (ym) 


number of particles (rel. unit) an a 
Distribution G in a sample with surface roughness | 
(At,, * 400 nm ) for different x (9, * 0°). 


solid i 


x." 300 nm 


X5* 700 nm 
x.* 1100 nm 


0 - — A. =e 4. = 
“02 0 O2 04 06 08 1 12 
depth (um) 
Fig. 3. Total proton distribution in targets with different surface roughnesses, for different proton penetration depths x,,,, and for 
0, = 0 (Ex, = 935 keV, '*F(p, p’y)'’F reaction, = 8 keV). 
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the possible penetration depths of a proton lie in the 
interval Ax 


H(i) 


cos #, 


H(min) 


X= X solid 
with 


soia= [ "S(E)' dE. 

JE, 
Now a probability distribution p(x[H(i))) was evalu- 
ated for every high point H(i), which described every 
possible penetration depth which existed for each H(i). 
The function p(x[H(i)]) depends on the incidence 


number of particles (rel. unit 

Distribution G in a smooth sample 
tt, =O nm ) for different x 
(is 45 0). 


X5* 424 nm 


Influence of surface topography on PIGE technique 


angle 3,, the spreading A‘,,, of the high point distribu- 
tion and of H(/) itself: 


p(x[H(i)]) =f( 9, 4¢,,. H(i). (3) 


By means of p(x[H(i)]) an estimate was made for 
every high point of all the possible penetration depths 
in the interval Ax; we got a proton distribution func- 
tion d( p(x[H(i))). The summation of d( p(x[ H(i)))), 
estimated for all high points, described the proton 
distribution P in the target with surface roughness 
defined by Af,.,. This distribution p exists additionally. 
The total proton distribution G in a target with rough 


solid 


Xs" 990 nm 


-02 0 02 04 06 08 1 


X.° 1560 nm 


12 #14 #16 = «=1, 


depth (ym) 


9 number of particles ( rel. unit) 


Distribution G in a sample with surface 
roughness (at,, * 400 nm ) for different 


o ie) 
X sotig (95° 45). 


x." 424 nm 


0 


-02 0 02 04 06 08 1 


12 14 16 18 2 


Xs." 990 nm 


X.* 1560 nm 


2,2 2,4 


depth (um) 
Fig. 4. Total proton distribution in targets with different surface roughnesses, for different proton penetration depths x... and for 
3; = 45° (Ep = 935 keV, '*F(p, p’y)'?F-reaction, I" = 8 keV) 
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1,4 


depth (um) 


1 


© smooth sample 


"9 


12 
depth (um) 


+ \t__= 260 nm 
ro 


1,4 


*-/ te” 320 nm 


Fig. 5. Comparison between measured (a) and calculated (b) aluminum depth profiles for targets with different surface roughnesses 


(thickness d = 500 nm, Ar 


ro 


surface was calculated from the convolution of both 
proton distributions. 


3. Results 


Figs. 3 and 4 show the total proton distributions G 
obtained for different experimental arrangements, 
supposing the resonance E, = 935 keV of the 
'"Fip, p’y)'’F nuclear reaction. In fig. 3 the total 


in the range 260-320 nm, 7”AK(p, p’y)”"Al; Eg = 1520 keV; E, = 843 keV). 


proton distribution G were compared for a smooth 
target and for a target with surface roughness (At,, = 
400 nm), and also for an incidence angle 3; = 0° and 
for different incidence energies E,. From this it can be 
seen that for an increase of the surface roughness 
(Ar,) the maximum of the proton distribution de- 
creases, but its spreading Af,.,,, increases. On the 
other hand (fig. 4) when an incidence angle of 3; = 45° 
occurs in addition to the changes discussed before, the 
maximum of the total proton distribution shifts to a 
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target rotation 
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-——-_——ilid of chamber 


———————_ target-holder 
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Fig. 6. The new chamber used for depth profiling measurements. 


deeper target region in relation to a smooth target 
measured under the same experimental conditions. 

Fig. 5a shows the aluminum depth profiles (thick- 
ness of layer d= 500 nm) measured for targets with 
different surface roughness (Ar,,, in the range 260-320 
nm, */AK(p, p’y)*“Al, Eg = 1520 keV, E, = 843 keV) 
and fig. 5b shows aluminum depth profiles calculated 
for the same experimental conditions and targets (d = 
500 nm and Af... in the range 260-320 nm). 


ro 


4. Discussion 


The computation showed that the width of the total 
proton distribution and the position of its maximum 
depended on the scale of the surface topography, the 
experimental geometry and the incidence energy. Two 
especially important results of the simulation were the 
shift in the maximum of the total proton distribution 
towards deeper regions of the rough target with grow- 
ing incidence angle #; in relation to the ideal smooth 
target, and the increase in Af,,,,,; of the total proton 
distribution with increasing At,, of the surface high 
point distribution of the target. This means that, for 
depth profiling measurements on rough samples false 
results are obtained for the depth scaling and calcula- 
tion of the excited depth region if a flat target situation 
was supposed when analysing the experimental data. 
The correctness of this statement was examined in 


PIGE-resonance profiling measurements on aluminum 
layers with different surface roughnesses. The changes 
in the depth profiles measured at 3; = 0° characterized 
the increase in Af,,,,, Of the total proton distribution 
with increasing At,,, of the surface high point distribu- 
tion. 

As a consequence of these results a new chamber 
was built for PIGE-measurements, in which the inci- 
dent particles hit the target perpendicular to the sur- 
face. Fig. 6 shows the new chamber used for depth 
profiling measurements. 

In a similar manner to that, used in the calculation 
of the total proton distribution, we described the re- 
gion in which the resonance reaction was excited (inci- 
dence angle 3; = 0°) by 
r? 
with 


=gp+lg+ls +15, 


At,,.pS( ER ) 
r, =. 


cos #; 
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The application of high energy prompt gamma-ray spectrometry 
to “He activation analysis of light elements 


A.E. Pillay ' and M. Peisach 


National Accelerator Centre, P.O. Box 72, Faure, 7131 South Africa 


Prompt high energy gamma rays induced by moderate beam currents of 2 MeV “He”~ ions on thick targets of boron, carbon, 
nitrogen and oxygen were evaluated for analytical purposes. Gamma rays were observed from (*He, p), (*He, a) and Coulomb 
excitation reactions. Interference-free determination of boron, and carbon was achieved at concentrations of a few parts per 
thousand. At these concentrations a precision of about 10% was attainable. The technique was tested by determining carbon in 


standard steel specimens 


1. Introduction 


There is a widespread need for methods to deter- 
mine light elements at all levels of concentration. It is 
generally accepted that wet chemical methods are te- 
dious and unsuitable for routine quantitative determi- 
nation of the light elements [1], while instrumental 
methods such as PIXE, XRF or neutron activation are 
suitable for elements with atomic numbers greater than 
11. Probably one of the few instrumental methods that 
are capable of handling such problems is ICP, but it is 
a destructive method, the sample pre-treatment of 
which is time-consuming especially if interfering com- 
ponents of the matrix have to eliminated by chemical 
complexation. The matrices in which light elements 
have to be determined vary greatly. Boron forms a vital 
component of glasses, is used in nuclear reactor mate- 
rials, forms an essential element of some semiconduc- 
tor devices and is used in metallurgy. Carbon, nitrogen 
and oxygen are essential elements in biochemical and 
physiological systems and their determination is impor- 
tant in studies of the environment and its pollution 

Low energy gamma rays, from activation by protons, 
deuterons and *He* ions, have been widely studied for 
analytical use [2-5], but the sensitivity is often affected 
by the level of the background and the intensity of the 
annihilation radiation of 511 keV. In the case of activa- 
tion with *He* ions, the reactions of interest are highly 
exoergic, resulting in the emission of energetic prompt 
gamma rays where background interference is much 
reduced. The analytic potential of lower energy gamma 
rays has already been evaluated [6]. 


' Department of Chemistry, University of the Witwatersrand, 
P.O. Wits, 2050 South Africa 
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2. Experimental 
2.1. Materials for analysis 


Targets of boron and carbon were prepared by 
compressing powders in a 10 ton press to produce 
tablets of 13 mm diameter and about 2 mm thickness. 
Targets of oxygen and nitrogen were similarly prepared 
by using powders of Y,O, and GaN or BN respec- 
tively. The heavy element component in these targets 
were not expected to interfere since the calculated 
Coulomb barriers [7] for Y and Ge were about 15.6 
and 31.2 MeV respectively, which was far in excess of 
the energy used for the investigation (see below). In 
addition, a target disc of Al was bombarded, because 
the beam tube and scattering chamber material con- 
sisted mainly of aluminium, from which a background 
of gamma rays was expected. 

2.2. Irradiation and measurement 

Targets were mounted on a remote-controlled verti- 
cal ladder, that operated through a geared stepping 
motor at the rate of 150 steps per mm, which enabled 
each target to be mounted with a precision of about 7 
pm. The ladder fitted into a multipurpose scattering 
chamber [8], where a constant geometrical arrange- 
ment of target and detector was rigidly maintained. 
Beams of 2 MeV *He* were obtained from the 6 MV 
Van de Graaff accelerator at Faure, and beam currents 
were adjusted so that the dead time of the entire 
counting assembly did not exceed 10%. Gamma-ray 
spectrometry was carried out with a 80 cm’ Ge(Li) 
detector mounted outside the scattering chamber at 
45° to the bombarding beam, where the aluminium 
chamber wall was thinned to reduce absorption of low 
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energy radiation. In an attempt to reduce the back- 
ground due to the interaction between scattered parti- 
cles and the aluminium walls of the scattering cham- 
ber, a Perspex sleeve, perforated to allow entrance to 
the beam, was mounted around the target assembly 
Data were recorded on magnetic tape and processed 
off-line. 


3. Results and discussion 


Energetically, all (*He, y), (He, n), (He, p), 
(*He, d) and (*He, «) reactions on the stable isotopes 
of boron, carbon, nitrogen and oxygen are possible, 
with a bombarding beam of 2 MeV *He ions, with the 
exception of 'C(?He, d)'N, 'OCHe, n)'*F and 
'©O(He, d)'’F, which are endoergic with Q< —3 
MeV. Because most reactions are highly exoergic, the 
reaction products are produced from highly excited 
states with the result that the gamma ray spectra are 
complex. The high energy prompt gamma rays which 
have analytical potential are those for which interfer- 
ence from other matrix components is unlikely. Since 
the Coulomb barrier [7] reaches about 3 MeV for 
Z = 10 (neon) the main interferences are likely to come 
from the light elements themselves, or from secondary 
nuclear effects generated by the very energetic protons 
and alpha particles produced in the reactions with the 
light elements under investigation. 


280} 
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3.1. Boron 


The high energy region of a typical gamma ray 
spectrum obtained from the bombardment of a boron 
target is shown in fig. 1. In this and subsequent figures, 
the gamma rays are labelled according to the Chemists’ 
Convention, which lays most stress on the target nu- 
clide [9]. The most prominent peak in the spectrum is 
due to the Doppler-broadened 4450 keV gamma ray 
from the Coulomb excitation of boron-11. Since the 
Q-values for the (He, p) and (He, a) reactions on 
boron-11 are very high (13.185 and 9.122 MeV respec- 
tively) and the corresponding reactions on boron-10 
have even higher Q-values, a flux of high energy parti- 
cles is generated within the boron target. Under these 
conditions, Coulomb excitation occurs producing the 
4450 keV gamma rays. Other relatively intense gamma 
rays are those from the reaction ''B(*He, p)'*C. The 
spectrum is complicated by the escape peaks, but even 
these may be used for analyses. 


3.2. Carbon 


Fig. 2 shows the high energy region of the gamma 


ray spectrum obtained from the bombardment of 
graphite. The most prominent peaks are due to the 
5106 keV '"C p(4,0) gamma rays. From the same 
reaction, the 4915 keV 'C p(2, 0) gamma rays were 
detected, while the other prominent peak is due to the 
2799 keV "°C a(3, 1) gamma ray. The importance of 
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Fig. 1. The high energy portion of the gamma-ray spectrum obtained from a thick boron target bombarded with 2 MeV *He* ions. 
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Fig. 2. The high energy portion of the gamma-ray spectrum obtained from a thick target of graphite bombarded with 2 MeV “He * 


ions 


the relatively intense gamma rays lies in the fact that gen are those due to the 6130 keV '*N p(2, 0) gamma 

they can be measured without interference. rays, as is shown in fig. 3. A very low intensity peak was 

observed from the 6917 keV '*N p(3, 0) gamma ray, 

3.3. Nitrogen which may be useful for analysis when high energy 

*He* ions are used. The importance of the 6130 keV 

While several low energy gamma rays are suitable gamma ray lies in the fact that the background against 
for analysis [6], the only prominent peaks due to nitro- which it has to be measured is very low. 


BORON NITRIDE 
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Fig. 3. The high energy portion of the gamma-ray spectrum obtained from a thick target of boron nitride bombarded with 2 MeV 
3 + 
He~* ions. Peaks due to boron have not been labelled. 


I. GENERAL METHODS 





46 


Table 1 
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3 
Analytically useful “He-induced prompt high energy gamma 


Target E 


y 


element 





Assignment 


Sensitivity 
[gmC]} 





Boron 


Carbon 


6130 
6917 


Nitrogen 


''B p(2, 0) 
"'B p(3, 0) 
NB (2,0) 4 


2C @(3, 1) 
2C p(2, 0) 
2C p(3, 0) 
2C p(4, 0) 


'N p(2, 0) 
'N p(3, 0) 


37 mg 
17 mg 
1.8 mg 


10 mg 
75 mg 
5.2 mg 
3.1 mg 


20 mg 
47 mg 


Oxygen nil 





* Coulomb excitation by secondary radiation. 


3.4. Oxygen 


No high energy gamma rays were observed from the 
bombardment of yttrium oxide. However, low energy 
gamma rays, mainly from the reaction '°(*He, p)'*F 
have been suggested as of use for analysis [6]. 


3.5. Sensitivities 
Table 1 lists the main high energy gamma rays 


observed from thick targets bombarded with 2 MeV 
*He* ions. The sensitivity attainable with each listed 


STEEL 1263 
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Table 2 
Carbon content of some standard steels 





Steel Counts Carbon content [%] 


[pC] 


Relative 
error [%] 





Error 


Known Found 








+0.023 
0.079 
+ 0.050 


0.183 
0.541 
0.920 


1262 
1263 
1264 


2.14+0.40 
3.97+0.45 0.62 
5.92+0.81 0.870 


0.160 





radiation was calculated as the weight of element which 
will produce a signal equivalent to about 3.29 times the 
square root of the background value over that energy 
region [10]. Obviously the sensitivity will be a function 
of the integrated beam current. The values given in 
table 1 were calculated for | mC. Under such condi- 
tions, and using the gamma ray which gives the best 
sensitivity for each element, concentrations of B, C and 
N greater than a few parts per thousand can readily be 
determined without interference. 


3.6. Steel analysis 


Standard reference materials Low-Alloy Steels 1262, 
1263 and 1264 obtained from the U.S. National Bureau 
of Standards, Washington, DC, were analysed for their 
carbon content. Because the matrix elements had high 
Coulomb barriers towards the low energy *He* beam, 
the gamma-ray yield from the samples was low and 
beam currents of up to 100 nA could readily be used. 
Fig. 4 shows a typical spectrum from a steel sample, in 
which the carbon lines were observed at a level of 
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Fig. 4. The high energy portion of the gamma-ray spectrum obtained from the reference standard Low-Alloy Steel 1263 containing 
0.62% C by mass, showing the prominent peaks due to carbon. 
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0.62% by mass. The results of analyses of the steels, 
using the combined areas under the three peaks from 
the 5106 keV gamma ray, are given in table 2. The 
error ranges refer to 20 errors based on the counting 
statistics only. The analyses were acceptably accurate, 
with a relative precision of about 11% as given by the 
relative root mean square error. 


4. Conclusion 


The potential for analysis of the high energy prompt 
gamma ray excited by 2 MeV *He* ions has been 
evaluated for the light elements B, C, N and O. Boron, 
carbon and nitrogen yielded gamma rays of practical 
importance. The application of the technique to high 
purity metallurgical matrices has shown that the 
method is adequate for quantitative analysis at minor 
concentration levels, in thick samples containing a ho- 
mogeneous distribution of the element under consider- 
ation. The sensitivity could be improved through the 
use of a more efficient detector. 
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Ion microbeam analysis with superconducting AMS minicyclotron 
as the analyzing instrument 


K.M. Subotic *, M.K. Pavicevic ° and D. Novkovic * 


“ Boris Kidrich Institute, P-O.B. 522, 11001 Beograd, Yugoslavia 


© Faculty of Mining and Geology, Laboratory for Electron Microanalysis, P.O.B. 241, 11001 Beograd, Yugoslavia 


The advantages of the usage of the cyclotron based accelerator mass spectrometer (AMS) as an analyzing instrument in the 
characterization of materials are discussed. Superconducting minicyclotron design criteria leading to the improvement of the 


analytical sensitivity and isotope resolution are considered 
discussed. 


1. Introduction 


The sensitivity and resolution demonstrated by ac- 
celerator mass spectrometry (AMS) in the areas of 
archeological and geological dating make the use of 
this technique for the characterization of materials, 
bulk analysis and depth profiling extremely attractive. 
This paper discusses the possible improvements of the 
use of the superconducting minicyclotron in characteri- 
zation methods as the AMS analyzing instrument [1]. 

Conventional secondary ion mass spectrometry 
(SIMS) is extensively used for these purposes. In SIMS 
oxygen (cesium) ions are used for sample sputtering to 
produce positive (negative) ion currents from the sam- 
ple. Due to the inefficient phyical basis of the phenom- 
ena determining SIMS detection limits, tandem AMS 
data, when compared with those from SIMS measure- 
ments for the characterization of semiconductor mate- 
rials [2], show 10-100 times better sensitivities. 

Tandem based AMS implies the usage of the nega- 
tive ion primary beam. Cyclotron based AMS, however, 
enables the use of both the positive and negative ion 
primary beams. Positive ion techniques produce more 
intense beam currents as well as much higher ion 
charge states, imposing much lower rigidity demands. 
The background-free extraction of the in-phase beam 
component combined with aforesaid features gives the 
possibility to attain significantly higher sensitivities. 

Fig. 1 shows the principle of the instrument for ion 
microbeam analysis with a superconducting minicy- 
clotron. lon source system (1) produces either positive 
or negative ions of different gases accelerated up to 
energies of 20 keV which bombard the investigated 
sample (2). The ion-optical system enables to adjust 
the beam diameter from | to 500 pm on a sample, 
producing ion currents for the sample ranging from 


In particular the detection limits of Be and C measurements are 


several to fifty mA/cm*. Inspection of spots that have 
to be analyzed can be made using an optical micro- 
scope (3). The ion-optical system (4) transfers the spat- 
tering ions through the axial injection line (5) and a 
spiral inflector (6) into the superconducting minicy- 
clotron (7). 

The cyclotron as an AMS rejects non-resonant par- 
ticles due to the phase slip induced by mass differences 
of the beam constituents. The mass resolution R= 
m/m is proportional to the product of the harmonic 
number of the applied rf frequency and the number of 
executed cyclotron turns necessary to resolve the reso- 
nant particle trajectory from the non-resonant back- 
ground. 

A small low energy cyclotron, in the conventional 
room temperature version, has been designed and built 
at Berkeley [3] for the detection and dating of '*C. The 
required mass resolution criteria are easily satisfied 
with such a machine. However in order that '°Be and 
'°B measurements could be made avoiding the isobar 
interference, the mass resolution should be increased 
by an order of magnitude. High field settings available 
only in superconducting cyclotron magnetic fields 
should be used to achieve this goal. The superconduct- 
ing minicyclotron project is under development at the 
Nuclear Physics Laboratory in Belgrade [4]. Evaluation 
of the most essential performances of the AMS super- 
conducting minicyclotron used as an analyzing instru- 
ment for characterization purposes is reported here. 


2. Cyclotron AMS 


Ions that have to be analyzed are produced in an 
external ion source, and axially injected into the cy- 
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clotron median plane. The trajectories of the ions of 
mass m = yMp», charge q and impuls p in the homoge- 
neous cyclotron magnetic field, whose center of sym- 
metry coincides with the machine center, are stable 
circular equilibrium orbits of radius r=p/qB. The 
frequency of the particle motion along these orbits, 
w =qB/m, is constant, determined at a given field 
value only by the particle g/m ratio. 

Cyclotrons are inherently high mass resolution de- 
vices. When tuned for a given atomic mass, they are 
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components, the other beam component will experi- 
ence a phase slip, ®, determined by 


sin ® 


2thn(dq/q +dB/B—dm,/m,—dy/y), 
(1) 

where fA is the harmonic number, n the number of 

executed particle turns, f the eigenfrequency of the 


detuned for isobars and molecules of the same atomic 
mass number but different true masses, due to the 
acceleration phase slip. Principles of cyclotron based 
AMS are determined by the phase slip equation. 

If we have a two-component beam and the rf fre- 
quency is tuned for the g/m ratio of one of the 


reference beam component and df the difference of 
the beam eigenfrequencies of the beam components. 
After executing the sufficient number of orbits at the 
given harmonic of the rf field, the out-of-phase beam 
component will experience a phase slip higher than 
90°, will be decelerated and fall toward the machine 
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Fig. 1. Schematic representation of the principle of work of the system for ion microbeam analysis with an AMS superconducting 
minicyclotron as the analyzing instrument 
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IME [number of turns 
2. Changes of the orbit radius as a function of the 
executed number of turns for the '°B'* and 'Be'* ion 
species at a field of 3.1 T, requiring a resolution R of 17000. 
Trajectories which may not be discriminated at a field level of 
1.08 T are resolved at 3.1 T after 120 turns of the mass-10 ion 


species 


Fig. 


center. The in-phase beam component, however, may 
be accelerated up to the energies suitable for extrac- 
tion and particle identification. 


3. Device resolution and detection limits 


An AMS dedicated cyclotron characterized by a 
high resolution R = thn value may have a small radius 
(in the 10-20 cm range). Operating the superconduct- 
ing cyclotron magnet in the persistent mode the only 
power consumption would be that used to operate the 
rf accelerating system and the ion source. The demand 
for high particle turn number means very low rf power 
requirements. The relaxed design criteria for dee struc- 
ture may be employed and cheap commercial compo- 
nents in power supply circuits may be used. The rele- 
vant design parameters of an AMS superconducting 
minicyclotron are given elsewhere [4]. 

The number of particles that can be safely transmit- 
ted depends on the maximum beam current deter- 
mined by the cyclotron space charge limit: 

h? sin ® d@ dE 
1 = €) Aw ——— ———_ 

4R 21q 
where €, is the permitivity, A the full beam aperture, 
d® the beam phase width and dE the energy gain per 
turn. 

Cyclotron orbit calculations are used to establish 
the dependence of the device resolution power on the 
applied cyclotron magnetic field. Numerical calcula- 
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Table 1 
Analyzing performance 





Cyclotron resolution df/f = anh = 100000 

Secondary beam 
current 

Cyclotron 
transparency 10% 

Detection limit D,, =10~ © at 3% statistics in 10° s 

Detection limit D, =10~ "° at 20% statistics in 24 h 


2nA =1.2x10" p/s 





tions for '*C, “CH~ and "CH; ions show that re- 
spective trajectories may be discriminated in an AMS 
minicyclotron at a field of 1.08 T. However the final 
energy of 42 keV for '*C at this field level is not high 
enough to make the detection of '*C nuclei and the 
background species in standard nuclear detectors feasi- 
ble [4]. 

Fig. 2 depicts the results of orbit caculations for 
"Be and '’B ions accelerated with harmonic number 
h =5 at a field of 3.1 T in a superconducting minicy- 
clotron with injection radius r = 2.66 cm and extraction 
radius r= 10 cm. 

Numerical calculations demonstrate that the un- 
avoidably present isobar interference problems in the 
case of '’B and "Be detection may be solved by 
accelerating these ion species in a sufficiently high 
cyclotron field. Trajectories which may not be discrimi- 
nated at the conventional cyclotron field level of 1.08 T 
are easily resolved at 3.1 T. The required mass resolu- 
tion R of 17000 is attained after 120 turns of the mass 
10 ion species. 

The maximum intensity ratio of in-phase / and 
out-of-phase /, cylotron beam components is deter- 
mined by 
I/Iy = [ N/No|, ’ 


where [N/No]. is the ratio of the respective concentra- 
tions in the analyzed sample. 

The cyclotron charge space limit calculations show 
that at 10% cyclotron transparency, an internal current 
of 24.A may be easily achieved. The respective evalua- 
tions of detection limits of the SIMS method in which 
an AMS superconducting minicyclotron is used as the 
analyzing instrument are given in table 1. 
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We review the applications of ion beam analysis of light elements performed in the LARN during the last twenty years. 
The works mainly concern: helium bubbles in aluminum foils, Li in aluminum alloys, carbon in high purity MgO crystals and in 
olivines, nitrogen bubbles in glass and implanted nitrogen in iron and aluminum, oxygen in YBaCuO superconductors, fluorine in 


tooth enamel and implanted fluorine in metals. 


1. Introduction 


Set up in 1969 by a staff directed by Professor G. 
Deconninck, the LARN has been involved in analytical 
studies of many elements and particularly of light ones. 
Various accelerator based methods have been devel- 
oped and progressively improved to achieve better 
limits of detection and sensitivity: they include reso- 
nant and nonresonant nuclear reactions, (p,y), Ruther- 
ford and non Rutherford backscattering. The labora- 
tory is equipped with a 3 MeV Van de Graaff accelera- 
tor (delivering four beam lines specially equipped for 
PIGE, PIXE, RBS, microprobe and an external beam), 
and a 300 keV accelerator initially used for fast neu- 
tron activation analysis and now converted for ion 
implantation. A Méssbauer spectrometer is routinely 
used for the chemical characterization of iron com- 
pounds. Table 1 summarizes the references of works 
on light elements published by members of the labora- 
tory since 1972. Extensive measurements of He, Li, C, 
N, O, F, Ne have been performed in various fields: 
biology, medicine, glasses, metals and alloys; Be and B 
were scarcely studied. 

Experimental works in these fields were performed 
during Ph.D. theses at the Facultés Universitaires of 
Namur: J. Baijot, G. Debras, S. Van Den Broek, A 
Lefebvre, M. Piette and S. Lucas under the supervision 
of Prof. G. Deconninck, Prof. F. Bodart and Dr. G. 
Terwagne, and also presented at the University of 
K6ln: H. Wengeler, G. Oberheuser, H. Kathrein and 
R. Knébel under the supervision of Prof. F. Freund 
and Prof. G. Demortier. 

General information on the physical methods of 
analysis developed at the LARN may be found in the 
book by G. Deconninck [1] and in a review paper on 
PIGE published by the IAEA [2]. 
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Numerous measurements have also been performed 
on industrial materials and are only recorded in confi- 
dential reports. Detailed LARN reports are regularly 
edited: they contain data usually not included in pub- 
lished works. 


2. Helium bubbles in metals 


The behavior of inert gases implanted into metal 
surfaces has been a subject of interest particularly 
since the importance of gas—metal interactions in the 
fusion reactor first wall was recognized. In this context, 
the study of the formation of helium bubbles, in He 
irradiated materials with the subsequent blistering and 
flaking of the bombarded surface, gained importance. 

From the point of view of blister formation, many 
authors suggested that the formation of surface blister- 


Energy (| keV) 


on. 20D 
4 4 4 4 


Al 





Counts per channel 


0 











e T T T ee 6 rT 


‘2e 736 $12 


we 
Channel number 
ig. 1. Typical proton backscattering spectrum for a 55.5 ng 
? aluminum film containing 2.65 at.% He (proton energy: 
2.2 MeV; backscattering angle: 150°) (3). 
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Table 1 
lon beam analysis of light elements; experimental parameters and fields of application 
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Helium resonant BS 2 / implanted He 


Lithium (p,y) and (p,a) arious / special phases 


Ve 
(*He,y) 2.0 metals 1% 
5 


(p,y) 0 minerals ion exchange 
(p,y) various metals 


Beryllium (*He,y) 2.0 metals 1% 


>? 


Boron ( *He,y) 2.2 metals [7] 
(p,a) 0.5-0.8 glass [10-12] 
(p,a) 0.45, 0.7 biological x [13] 


Carbon (*He,y) 2.2 metals ( [7] 
(p,y) 0.47 metals ¢ [7,12] 
(d,p) glass [11,12] 
(d,py) biological [11,25] 
(d,p) MgO profiling [14-19] 
(d,p) olivine, CaO, SrO profiling [20,21] 
RBS a biological [22 
RBS a iron [23] 
(p,y) biological [24,25] 


NN = N= 


Nitrogen (p,ay) > 1. biological x [12,13,23,24] 
(d,py) A. biological [16,26] 
(d,a) j glass x [27,28] 
4N(a,y) 5: iron N implanted 
SN(p,ay) iron N implanted [29-31,34] 
'SN(p,ay) AIN N implanted [35-40] 


Oxygen (*He,y) 
(p,y) 
(d,p) 
RBS a 
RBS a 
(d,p) 
RBS a 
(d,p) 
(d,p) 


metals [7] 
biological {11,12,24] 
glass [11,27] 
biological (22 

iron [23] 
YBaCuO microprobe [43] 
YBaCuO x [45] 
zeolites x [46] 

gold alloys [47] 
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| 
NN 


o~ 


NNNNNN RF WN 
> > 


Fluorine (p,y) various teeth ( [10,45,46] 

(p,y) 2.0 teeth and [12,41,54,56,57] 
chemicals] 

(pay) 2.0, 2.2 biological ppm [13,24] 
RBS a 2.0 iron implanted [23] 
(p,y) 0.935 glass profiles [28] 
(p,ay) 0.34 iron implanted [32,55] 
(p,a’y) and (p,y) 2.0 teeth x ([48,51,53,54] 
(p,y)} 
(p,ay) 0.87 implanted [55] 
(p,y) various WD spectroscopy [58-60] 


Neon (p,y) 1.170 iron implanted [32] 
(a,X-rays) 2.8 Al implanted and [61-63] 
WD spectrometry 





x: Elemental analysis (bulk) 
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Retention curve for helium implantation at room 
temperature in a 55 wg cm ~~ Al foil [4]. 


ing on metals is explained by coalescence of small 
helium bubbles (1—2 nm in diameter); the condition for 
coalescence being satisfied when the bubbles are large 
enough to touch. The internal pressure in the resulting 
bubble increases for each coalescence to a value where 
deformation of the material can be seen and creates 
blisters. 


The atomic concentration of helium retained was 
measured by proton backscattering with a beam energy 
of 2.2 MeV. The sensitivity for helium is sufficient to 
measure as little as 0.2 at.% He in reasonable measur- 
ing times. The choice of the proton energy is important 


because at 2.2 MeV there is an elastic resonance for 
proton scattering on helium (*He + p ~°Li* +*He + 
p) which causes an enhancement of the scattering cross 
section by a factor of 400 as compared to the Ruther- 
ford value. A typical backscattering spectrum for a 
specimen containing 2 at.% He is shown in fig. 1. 

By using the proton microbeam facility, it was possi- 
ble to measure the lateral variation of helium concen- 
tration with a spatial resolution of 3 x 3 ym? at the 
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Fig. 3. Retention curve for helium implantation at 120 K 
(implantation and backscattering carried out at 120 K): (0), 
(4), and (7 ) correspond to different specimens [4]. 


surface of helium implanted Al foils where blisters of 
10 ym or less are present [3,4]. 

Fig. 2 illustrates the retention curve for helium 
implanted at 5 keV, normal incidence, into an alu- 
minum film with a mass thickness of 55.5 ug cm~? at 
room temperature. The dose rate was 2.5 x 10"* ions 
cm~? s~'. Even at doses well below saturation, the gas 
retention is fairly low. In this case it is only 19% of the 
incident dose. By cooling the sample down to 120 K 
the retention rises up to a maximum of 30% (fig. 3). 
Various complementary techniques have been used to 
explain [3] the diffusive process of helium after implan- 
tation. 


3. Al-Li alloys 


Depending on the alloy composition, numerous con- 
stituent particles are likely to be present in complex 
ternary or quaternary Al—Li alloys for aerospace appli- 
cations. Beside the phase recognition and the structure 
determination by X-ray and electron diffraction, the 
study of the composition of such intermetallic com- 
pounds for the establishment of complex equilibrium 
phases diagrams needs a combination of microanalyti- 
cal techniques. Conventional techniques (SEM, EPMA) 
routinely performed in an industrial laboratory using 
secondary X-ray emission cannot detect Li due to the 
associated high wavelength. However, micrographs us- 
ing backscattered electrons (BSE) in the SEM give a 
mean atomic number contrast and may indicate the 
possible presence of Li. This contrast can also be 
quantitatively exploited by densitometry. Complemen- 
tary methods are necessary to detect, visualize and 
analyze Li in phases. 

Qualitatively, SIMS offers the ability to visualize Li 
in combination with any other element in solid solu- 
tions or in intermetallic phases. Due to the important 
matrix effects at high concentration (> 1%), the quan- 
tification is difficult if standard samples of similar 
composition are not available. Quantitative microanal- 
ysis of major elements, particularly Li, can be per- 
formed with a high accuracy with a nuclear micro- 
probe. 

Nuclear reactions: ’Li(p,p’y)’Li and ’Li(p,a,)*He 
have been used to determine the Li loss profile in the 
superficial region of Al—Li sheets, i.e. essentially in the 
solid solution. 

For characterization of (Al-Li—Zn) alloys we chose 
the 472 keV y-rays from Li nucleus excitation, the 843 
and 1013 keV y-rays for Al and the 8.6 and 9.6 keV 
K X-rays from Zn (all included by 2.8 MeV protons in 
the first 5-8 wm under the irradiated surface) as 
characterization signals. The depth at which they are 
produced and their energies allow us to certify the 
negligible absorption of these photons in this light Al 
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Fig. 4. Linear variation of the signals detected in the analysis 
of Li and Zn in aluminum using a nuclear microprobe vs 
concentration ratio. The bulk composition of samples is given 
for each point [6]. 
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matrix [5]. For three reference samples, fig. 4 illus- 
trates the variation of the normalized signals Li/Al 
and Zn/Al versus the corresponding concentration 
ratios. As expected, the y-signals of Li and Al, and 
X-signals of Zn vary linearly with the concentration. 
The line passes through the experimental points and 
through the origin [6]. A comparison of SIMS and 
nuclear microprobe results for the study of the de- 
pleted Li concentration at both faces of a 3 mm thick 
Al-Li (3%) sheet is given in fig. 5. 


Zn (xX) ZAR) 


Other measurements of Li in metals and minerals 
(after ion exchange experiments) have also been per- 
formed by (p,y) and (*He,y) reactions [7-9]. 

Determinations of Be in alloys [7], boron in glasses 
[10-12], metals [7] and biological materials [13] have 
also been reported. 


4. Carbon in high-purity alkaline earth oxide single 
crystals 


Supposedly high-purity MgO, CaO and SrO single 
crystals, grown by the submerged arc fusion method, 
were found to contain carbon up to 10000 ppm at the 
surface, probably atomically dissolved in the oxide lat- 
tice. Carbon was nondestructively analyzed by means 
of the nuclear reaction '*C(d,p)'°C using 1.0 or 1.7 
MeV deuterons. Concentration profile analyses (using 
the proton spectroscopy in nonresonant reactions) indi- 
cate that the carbon content near the surface is much 
higher than in the bulk. Heating the crystals in air to 
800°C increases the carbon content in the upper 1-5 
ym surface layer and decreases it in the bulk. Heating 
in vacuum leads to soot formation at the surface and 
carbon depletion inside the crystals. Special care was 
taken to avoid accumulation of carbon arising from oil 
vapours of the pumping system during the nuclear 
analysis. Two gold foils with a total thickness of 1.2 mg 
cm~? were installed at 20 cm in front of the target. 
These foils collect all the molecules trapped in a 
deuteron beam tube 8 m long. Additionally, a collector 
cylinder at liquid nitrogen temperature between the 
Au foils and the target ensures condensation of resid- 
ual oil vapours [14-16]. 
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Fig. 5. Comparison of nuclear microprobe (@ and +) and SIMS (full line) for the analysis of lithium concentration across an Al-Li 
sheet (790 um thick). 
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Fig. 6. Proton spectrum obtained by irradiation of a graphite 
sample with | MeV deuterons [16]. 


The selection of the incident deuteron energy and 
the position of the surface barrier detector were dic- 
tated by interferences with other nuclear reactions 
induced in the major elements in the sample: mainly 
Mg in the case of MgO samples. Figs. 6 and 7 show 
that the p, peak on C (at surface) coincides with the p, 
peak on **Mg. The limit of sensitivity for C identifica- 
tion in MgO lies around 50 wg/g (fig. 8). 

The usable depth range for carbon analysis in MgO 
lies around 4 wm. In CaO and SrO the incident 
deuteron energy may be raised to 1.7 MeV to increase 
the depth to analyze. No nuclear reactions on Ca and 
Sr intrefere due to the large Coulomb barrier of these 
high Z nuclei. At 1.7 MeV, the spectrum is no longer a 
single asymmetrical line as with 1.0 MeV deuterons, 
but has a more complex structure due to variable cross 
sections. However, the '°O(d,p,)'’O reaction cannot 
be avoided with either 1.0 or 1.7 MeV deuterons. This 
reaction limits the depth range to 6 wm in CaO and 
SrO [17,18]. 

In MgO, carbon sets up steep concentration gradi- 
ents in the 0—1 ym subsurface layer. It disappears and 
reappears as a function of heat treatments between 
300 and 1170 K in ultrahigh vacuum [19]. By heating in 
O, carbon can be burnt out of the subsurface zone, but 
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Fig. 7. Proton spectrum obtained by irradiation of a MgO 
sample (0.8% C at surface) irradiated with 1 MeV deuterons 
[16]. 
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Fig. 8. Selected regions of proton spectra obtained by irradia- 
tion with 1 MeV deuterons of 3 MgO samples containing 
various concentrations of carbon at the surface [16]. 


upon isothermal annealing at 470 K, carbon starts to 
diffuse from the bulk back into the subsurface zone 
within minutes, giving rise to fluctuating concentration 
variations which last for hours with periodicities of 
about 45 min. After quenching samples previously 
heated in O, to 80 K and reheated linearly at 2 
K/min, the onset temperature of carbon mobility was 
found to be as low as 140 K. From these experiments 
and other techniques listed in refs. [14-19], it is con- 
cluded that carbon is atomically dissolved in the MgO. 
The C atoms probably occupy extrinsic cation vacan- 
cies introduced in the MgO by co-dissolved “water”, 
but at the same time they must also be on interstitial 
sites where they acquire an extremely high mobility. 
Similar behavior has been observed in other alka- 
line earth oxides and in natural olivines [20,21]. 
Carbon subsurface concentration profiles in olivine 
single-crystals from San Carlos, Arizona, and the 
Sergebet Island, Red Sea, containing total carbon be- 
tween 60-180 wt. ppm, were analyzed by means of the 
2C(d,p)"°C nuclear reaction and by X-ray induced 
photoelectron spectroscopy (XPS) in combination with 
acid etching and with Ar”* ion sputtering respectively, 
between 200-930 K. The (d,p) analysis reveals equilib- 
rium subsurface C profiles extending on 1-2 ym or 
more in the bulk. Their steepness is function of tem- 
perature. Typical mean C concentrations at 300 K in 
the resolvable sublayers from 0 to 1.2 um decrease 
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from 1.8 and 0.6 wt.%, corresponding to an enrichment 
factor over the mean bulk C concentration of 30-100. 
In the topmost atomic layers also analyzed by XPS, 
carbon appears to be enriched by a factor of the order 
of 1000 and decreases with rising temperature. These 
results suggest that the carbon is in a truly dissolved 
state, highly mobile and subject to a reversible subsur- 
face segregation. 

RBS, (*He,-y), (p,y) and (d,py) reactions on carbon 
have also been used to measure the progressive degra- 
dation of biological materials studied for ion exchange 
[22], bulk concentration in alloys [7,12,23], certification 
of the total composition of a biological reference mate- 
rial [24,25], and determination of C/N ratio in protein 
rich biological specimens [11,26]. 


5. Nitrogen in glasses and implanted in metals 


The problem of gaseous inclusions and bubbles is 
very important for glass manufacture since the objec- 
tive has always been to obtain bubble-free glass. It has 
been shown that nitrogen gas was a predominant com- 
ponent of defects. Additionally the refining process 
consisting in eliminating gaseous inclusions requires 
high temperature as a consequence on acceleration of 
this phase results in energy economy. The structure of 
glass is characterized by its random network of silicon 
oxygen tetrahedra. Holes of different sizes are present 
in this structure. These holes are often found filled 
with glass. Relatively large amounts of nitrogen can be 
chemically dissolved in glass under suitable experimen- 
tal conditions. Chemically dissolved nitrogen may exist 
in glass melts mainly as nitrogen—hydrogen groups and 
dissolved nitrides. 

The industrial methods commonly used for the 
identification of dissolved nitrogen in glass are hot 
extraction followed by gas chromatography or mass 
spectrometry for physical solubility, hot extraction and 
chemical analysis (Kjeldahl method) after dissolution 
of glass in hydrofluoric acid for chemically dissolved 
nitrogen. These methods allow us to distinguish the 
two forms of solubility; however they are destructive. 
Gas absorption by evaporated alkalis is a limitation for 
these methods. 

Prompt nuclear methods involving deuteron beams 
for trace analysis of nitrogen in glass have several 
advantages: they are nondestructive, have a high sensi- 
tivity, and may give information in the pm range in 3D 
with microbeams, but cannot distinguish between the 
two forms of solubility. G. Debras has used the follow- 
ing experimental conditions [11,27,28]. 

The main characteristics are: 

(a) Nuclear reaction: 'N(d,a,)'*C, a-particles de- 
tected at 135°. 
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Fig. 9. Nitrogen concentration in a glass as a function of the 
binding number of oxygen (Y) by unit of molar glass volume 
(V.,) [27]. 


m 


(b) Incident particle energy of 1.55 MeV: for low ener- 
gies, high-Z nuclei contribute weakly to nuclear 
reactions owing to the Coulomb repulsion. 

(c) Beam current: 10 nA. 

(d) Time of measurement: 2 h for a sample containing 
10 ppm of nitrogen (for an accuracy of 15% when 
interference with B may be avoided). 

(e) Reference materials: AIN and Si,N, 

Fig. 9 shows the measured amount of dissolved 
nitrogen as a function of the binding number of oxygen 
(Y) by unit molar glass volume (V,, ); one observes that 
this nitrogen content increases with the ratio Y/V,,. 
This phenomenon is explained by the fact that more 
and more holes are filled with alkali ions. The increas- 
ing amount of network modifiers induces a rise in the 
activation energy for the diffusion process correspond- 
ing to the filling of the holes, then making nitrogen 
migration more difficult. It has been also shown that 
the residual concentration of N decreases from 20 to 8 
ppm when the ratio of refining agents NaNO,/ As,O, 
is increased [11]. 

A large program of study on nitrogen implanted in 
metals is still running under the direction of Prof. F. 
Bodart. Nitrogen implantation is known to enhance the 
tribological properties of steels [29] (reduction of wear 
and increase of hardness). The implantation energies 
range is 30-300 keV, and the ion doses range is 5- 
10'°-5 x 10'’ cm~*. In order to minimize the implan- 
tation time, very high currents have been developed in 
ion implanters used in the industry. 

The depth profiles were measured using the 
'SN(p,ay)'*C nuclear resonant reaction at E, = 429 
keV and quantified via a TiN standard (natural nitro- 
gen) [30,31]. The change in the local stopping power 
(related to the local composition) has been taken into 
account in quantifying the nitrogen content of the 
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sample. The measurement and deconvolution tech- 
niques used have been described in details in refs. 
{32,33}. 

The depth profile of nitrogen implanted in pure 
iron shows a surface peak whose area increases with 
the temperature of the sample during implantation 
The nitrogen depth profiles have been measured on a 
set of iron samples (99.5% purity) implanted with 100 
keV N} ions at different doses (2 x 10'°-5 x 10" ions 
cm~*) and at different temperatures (20-200°C). 

In order to explain the shape of the depth profiles 
and, particularly the existence of the surface peak and 
its dependence on implantation temperature, a numer- 
ical model has been developed by M. Piette [29]. This 
model takes the following elements into account: pref- 
erential sputtering, ion beam mixing, thermal diffusion, 
radiation-enhanced diffusion (RED), radiation-in- 
duced segregation (RIS), secondary phase precipitation 
and radiolytic decomposition of the precipitates. The 
surface peak cannot be explained by RED or RIS 
alone but is the consequence of an enhanced precipita- 
tion near the surface of the sample. Samples of copper, 
molybdenum and nickel have also been investigated in 
order to confirm that hypothesis and to show that 
there is a correlation between the presence of the 
surface peak and the formation energy of the corre- 
sponding nitrides. The ion deposition profiles, sputter- 
ing yields, ion beam mixing and radiolytic decomposi- 
tion of the precipitates were calculated with the TRI- 
DYN program. Fig. 10 shows the experimental nitro- 
gen depth profiles obtained in polycrystalline pure 
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Fig. 10. Nitrogen depth profiles in N-implanted iron (after 
deconvolution). Each figure corresponds to a different im- 
plantation temperature. The different curves in the same 
figure correspond to different ion doses [29]. 


(99.5%) iron samples implanted with 100 keV "Nj 
ions. The sample preparation techniques and the im- 
plantation conditions have been widely described in 
ref. [30] and in the Ph.D. thesis of M. Piette (see 
appendix). 

At low temperatures, nitrogen is not mobile enough 
to diffuse far away from the depth where it has been 
stopped. At higher temperatures nitrogen is allowed to 
diffuse and to precipitate; near the surface, the en- 
hanced precipitation (higher concentration in nucle- 
ation sites) reduces the concentration of free nitrogen 
(it should be noted that only free nitrogen is assumed 
to be able to diffuse). Therefore, there is a concentra- 
tion gradient of free nitrogen toward the surface re- 
gion. Nitrogen from the bulk precipitates and the sur- 
face peaks builds up. When no iron at the surface 
remains free for further precipitation, an iron nitride 
layer grows toward the bulk [29,34]. 

Nitrogen implantation into aluminum also increases 
the hardness of the aluminum surface due to the 
formation of crystalline aluminum nitride. In order to 
produce large thicknesses of the aluminum nitride 
formed during nitrogen implantation in pure alu- 
minum, the samples were implanted with '°N} ions 
successively at different energies between 100 and 320 
keV. The implanted specimens were investigated by 
nuclear reaction analysis, Rutherford backscattering 
spectroscopy and scanning electron microscopy. Im- 
plantations of '*N and '°N were performed in various 
conditions in order to follow the mechanism of nitride 
formation. Post-irradiations with Kr* ions at doses of 
10'’ ions cm~?and an energy of 500 keV were also 
performed, and it was shown that bombardment with 
krypton redistributed the implanted nitrogen to give a 
more homogeneous aluminum nitride layer. 

Details may be found in refs. [35-39], in these 
Proceedings [40] and in the Ph.D. Thesis of S. Lucas 
(see appendix). 

Other applications of nitrogen analysis using various 
nuclear reactions for investigations in biological mate- 
rials are given in refs. [12,13,23-—25,41]. 


6. Oxygen in high T. superconductors 


Since the initial paper of Bednorz and Miiller who 
reported the possibility for La-Ba-Cu-O multiphase 
materials to behave as high temperature (above 30 K) 
superconductors, the synthesis and superconductive 
properties of Y-Ba-Cu-O or many RE-Ba-Cu-O com- 
pounds (RE being a rare earth element) with various 
stoichiometries, have been extensively investigated. 

We have explored [42] different preparation routes 
of YBa,Cu,0,.,, from solid reactant powders Y,O,, 
BaCO, and CuO, heated, annealed and cooled under 
various atmospheres. Their qualitative superconducting 
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character (or its absence) at liquid nitrogen tempera- 
ture was assessed according to the occurrence of the 
Meissner effect, on pelletized or sintered samples. Pre- 
cursors were made by mixing in water, stoichiometric 
amounts of finely grounded powders of analytical grade 
Y,0, (Janssen), BaCO, (UCB) and CuO (Merck). The 
mixture (wet slurry) was ground up (homogenized) in 
an agate mortar, prior to a subsequent drying at 100°C 
for several hours. They are used as a reference mate- 
rial for further stoichiometric characterization by ion 
probe techniques. 

In addition to measurements of thermal and electri- 
cal properties of superconducting materials, rapid and 
nondestructive analytical techniques involving mil- 
liprobes and microprobes facilities were developed for 
the search of the best conditions of their synthesis and 
to test the stoichiometric composition of the bulk ma- 
terial: PIXE for the determination of Ba, Cu, Y, RBS 
of a-particles to check the homogeneity in the 3 pm 
layer and '°O(d,p) reaction for O analysis [43]. Materi- 
als showing the strongest Meissner effect at liquid 
nitrogen temperature are also those showing the best 
homogeneity in Cu, Ba and Y concentrations in ana- 
lyzed regions of 5X55 um (fig. 11). Inhomo- 
geneities in O concentration cannot be correlated with 
the presence (or absence) of specific oxides (CuO, 
Y,0,, BaO, etc.). 

Ternary diagrams of three of the four components 
(Y, Ba, Cu, O) indicate that the local discrepancies 
from the ideal YBa,Cu, composition is mainly ob- 
served in the Y composition, the reason lies only in the 
poor statistical accuracy on YK signals [43]. The distri- 
bution of the points in diagrams involving O (fig. 12) is 
not statistical: the local concentration of oxygen shows 
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Fig. 12. Ternary diagrams of Cu, Ba and O concentrations 

(from figs. lla and 11b) showing that oxygen is nonhomoge- 

neously distributed even in the apparently homogeneous ma- 
terial (fig. 1 1a) (43). 


variations of about 10% around the expected value of 
6.7. The reason could be due to the presence of copper 
in different valence states. Total oxygen determination 
by classical chemical methods provides highly quantita- 
tive and accurate results [44]. 

Sputtering techniques are widely used in the thin 
film technology of high T, superconductors, but prob- 
lems of homogeneity due to the different sticking coef- 
ficients of the elements of the YBaCuO compounds 
are not completely solved yet. The oxygen content is 
particularly critical and as annealing is often required 
to achieve the superconducting phase, a detailed inves- 
tigation of the stoichiometry in thin films at the differ- 
ent stages of the process has been performed. The use 
of RBS for oxygen determination in thin films of 
YBaCuO has also been investigated [45]. 

Thin films (500-1200 nm) of YBaCuO supercon- 
ductors are sputtered onto magnesia and sapphire 
coated with a carbon interlayer (of about 500 nm). This 


Fig. 11. Cu, Ba, Y and O concentration maps simultaneously determined by PIXE and nuclear reaction with a deuteron microbeam 
of 5 um in diameter on a bulk sample of YBaCuO; (a) homogeneous; (b) non-homogeneous [43]. 
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interlayer makes it possible to separate oxygen (RBS 
signals: a-particles) induced in the superconducting 
film from that produced by the MgO and AI,O, sub- 
strates. They are analyzed after the different stages of 
the preparation process in order to investigate the 
influence of the presence of oxygen during the sputter- 
ing operation, as well as the effects of annealing and 
post-oxidation (oxygen content, interdiffusion) [45]. The 
primary target is a sintered YBa,Cu,O,_, material, 
obtained by the classical solid preparation route. The 
sputtering process is realized in vacuum (10~’ Torr) as 
well as in O, atmosphere (10~* Torr), in order to 
study the influence of the preparation on the oxygen 
content. 

For a-particles of energy ranging from 2.55 to 2.95 
MeV, the actual cross section at 170° is non-Ruther- 
ford but the deviation from the Rutherford value is 
constant. The true oxygen cross section has been calcu- 
lated using a sample of 3000 A of Al,O, layer on a Al 
substrate irradiated in the same conditions as those 
used for YBaCuO analysis, using the Bragg rule for the 
calculation of the stopping power by the classical 
RUMP program (fig. 13). With those data the composi- 
tion of a homogeneous film, whose RBS spectrum is 
reproduced in fig. 14, gives Yj, <>, 9osBa2o. 905 
Cu; 5491004402 using both PIXE and RBS data for 
the heavy elements and only RBS for oxygen. The 
a-BS technique (with the appropriate correction on 
cross section for oxygen) is used for the determination 
of oxygen with an accuracy of 3% in conditions involv- 
ing no oxygen signal from the substrate. 

Using (*He,y) oxygen has also been determined as 
a minor element in metals [7], using (d,p) reaction it 
has been analyzed in glass [11,27], in zeolites [46] and 
in gold-cadmium alloys produced by Cd diffusion from 
CdS pellets [47]. It has also been studied by RBS in 
thin metallic films [23], and to control the stability of 














Fig. 13. RBS spectrum of 2.75 MeV a-particles on a reference 
sample of 3000 A Al,O, layer on Al and the corresponding 
calculation by RUMP. 
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Fig. 14. RBS spectrum of a YBaCuO thin film produced in an 
oxygen atmosphere and its comparison with RUMP calcula- 
tion 


biological material in PIXE analysis of heavy ions [22], 
finally using (p,y) reactions for the characterization of 
a biological reference sample [11,12,24]. 


7. Fluorine in tooth enamel and implanted in metals 


Various studies of fluorine migration in extracted 
teeth [48-52] and in vivo analyses [53] of fluorine after 
application of various fluorides have been performed. 
The reaction 'F(p,p’y)'"F (E,= 110 and 197 keV), 
for the measurement of the total fluorine content [48- 
53] and resonant nuclear reaction '’F(p,ay)'°O (E, = 
5-7 MeV) induced by 872 keV protons for the depth 
profiling [48,51] have been experimented. This reso- 
nance at 872 keV was chosen for its high intensity. The 
high energy y-rays were detected with a high efficiency 
4x4 in. Nal crystal and the low energy y-rays in a 
Ge(Li) detector. 

The important problem of dental caries following 
dissolution of the enamel structure under the action of 
acid substances has been studied for many years using 
different analytical techniques: the fluorine ion plays 
an important part in the inhibition of enamel dental 
caries. The dental enamel is at 95% layer of apatite, 
500 ym thick, in which the OH radicals are partly 
substittued with fluorine ions giving a concentration of 
1-5%o of fluorine. Resonant nuclear reactions are an 
unvaluable probe in dental enamel analysis since X-ray 
techniques (electron microprobe) are subjected to large 
errors from strong absorption of soft X-rays. Another 
advantage of nuclear reactions is the possibility of 
nondestructive depth profile analysis with very small 
diameter beams. NMR studies indicate that the fluo- 
rine ion would migrate along the C axis of the hydroxi- 
apatite crystal, preventing further migration of OH 
ions. However, the enamel structure is very different 
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from the single crystal model, X-ray diffraction spectra 
show a widening of X-ray lines, which indicates that 
the sample is a superposition of crystallites, the size of 
which ranges between 300 and 400 A. The intervals 
between these crystallites are filled with an organic 
network in which the F~ ion can also migrate. There- 
fore, measurements have to be done on tooth enamel 
rather than on apatite crystals, and they should be as 
close as possible to real life. Fluoride treatments were 
made in vivo and the tooth was extracted directly 
before measurements by the nuclear method. The 
measured fluorine concentration is highly variable from 
place to place on the same tooth and much more from 
tooth to tooth. A large amount of data was collected 
before drawing significant conclusions. The results of 
fig. 15a show that in the treated region a large enrich- 
ment in fluorine is detected to a depth of 0.1-0.3 um. 
In a second run of measurements, teeth are left in 
mouth during 10 days before extraction: no appreciable 
difference is detected between polished and fluori- 
dated regions (fig. 15b). A similar phenomenon is ob- 
served when teeth are kept in distilled water. The 
general conclusion of the studies on extracted teeth 
may be summarized as follows: fluorine migration in 
teeth enamel is measured after the rough surface is 
eliminated by polishing and then treated with different 
fluoridated compounds. This fluoridation does not dis- 
appear when the tooth is kept in dry atmosphere. On 
the contrary, the enrichment effect is practically absent 
after a few days when the tooth is kept in contact with 
saliva. It is then supposed that the atoms of fluorine 
are eliminated by ion exchange phenomena in saliva. 
The hypothesis of exchange with chlorine ions was put 
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forward and the Cl concentration was measured by 
PIXE, but no appreciable variation was observed. An- 
other explanation of the fluorine exchange would be 
that the fluorine ions introduced by the treatment do 
not appreciably migrate into the crystallites but are 
simply introduced between the crystallites through the 
organic matrix. 

Using higher protons energies (2-3.5 MeV), the 
total fluoride concentration below the surface can also 
be rapidly measured. The '’F(p,p’y)'’F reaction is 
then used giving y-rays of 110 and 197 keV. The 
maximum analyzed depth is about 45 pm, but the 
average value on the analyzed depth lies somewhere 
between 20 and 25 pm. Such nuclear analyses take 
only | min of bombardment. The tooth fragment was 
mounted in the vacuum and an electron spraying is 
needed to avoid charging effects. 

One of the most spectacular applications of the 
F(p,p’y)'’F reaction is the in vivo analysis of a hu- 
man tooth. This technique was elaborated in our labo- 
ratory and has been extensively used for the study of 
topical applications of fluoridated compounds [50]. To 
date, there is no other example of the application of 
the technique from any other laboratories. The prob- 
lem of radiation damage and radiation hazard has been 
investigated carefully. Calculations and experiments 
show that the radiation emitted during the bombard- 
ment of protons and measured at different levels is 
extremely low and is well below the security limits 
which are normally accepted for the general popula- 
tion [54]. The technique is as follows. A 3 MeV proton 
beam enters the atmospheric air through a tantalum 
window 5 mg cm~? thick and the tooth is placed 1 cm 


19 





Fiuvorime 
concentration 


% 


Extraction 1 hour 


after treatment 


Treated 


a 
p 
. olished 


bo 








depth (um) 1 
a i r 1 Jeenall i 


Fiuorine 
concentration 





% 


Extraction 10 days 


after treatment 


Treated 
Poushed 


. P cope ipe) 1 














Fig. 15. (a) Concentration profile of fluorine in tooth enamel. Comparison between polished and fluoridated tooth regions (average 
values on more than 10 different teeth). (b) Same as (a) but teeth are extracted 10 days after treatment (average values) [51]. 
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behind the window. For in vivo analysis a special 
mouth piece is designed for each case, allowing accu- 
rate reproductible geometry in successive irradiations 
before and after treatment. The tooth is irradiated 
with a 30 nA proton beam, 110 and 197 keV y-rays are 
detected, and their intensity is related to the fluorine 
content of the irradiated area of enamel. The results 
are average values of the concentrations in the 20 pm 
thick layer of enamel. Gels are applied during 4 min 
using a special mouth piece, solutions are applied with 
a cotton tip during the same time. The fluorine con- 
centrations were measured at different intervals after 
the fluoride application and the F enrichments are 
calculated by comparison with the F content before 
treatment. Typical results are given in fig. 16. Measure- 
ments at longer intervals after the treatment indicate 
that the loss follows a nearly exponential curve to 
reach the initial F concentration (before treatment) 
after 2-3 weeks for APF gels, 6 weeks for AmF solu- 
tion. Additional measurements of other elements (Na, 
P, Ca, Fe, Cu, Zn, Sr and Pb) have also been per- 
formed on extracted teeth [52]. 

Diffusion of F in iron after implantation has been 
finely analyzed using the 483.8 keV resonance. The 
chemical bounding of F in iron may be analyzed by 
Méssbauer spectroscopy [55]. 

Commercial laminated iron foils have been im- 
planted with 2 x 10'® and 2x 10"’ ions/cm’. Depth 
profiling was performed using both the 340.6 and 483.6 
keV resonances. The samples were then heated to 
different temperatures and under different conditions 
The technique was found to be non-destructive and 
repeated measurements on a given sample yield the 
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Fig. 16. Mean enrichment in fluorine with time after applica 
tion of 5 various fluorine compounds on a total of 74 teeth 
analyzed in vivo [53]: AmF solution: 1% F~, pH = 5.03; AmF 
gel: 1% F~, pH = 5.93; APF Gel 1: 1.2% F~, pH = 5.40; APF 
Gel 2: 1.2% F~, pH = 5.00; MFP Gel: 1.8% F~, pH = 6.25 
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Fig. 17. Excitation curves measured after thermal treatment of fluorine implanted iron at atmospheric pressure. Curve C indicates 
a deep migration of fluorine and the presence of a large background (attributed to the 596.8 keV resonance) [55]. 
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same results, allowing investigation of temperature-de- 
pendent effects on a given sample, a performance 
which cannot be achieved with Auger spectroscopy. 
Results of measurements performed with the 483.6 
keV resonance are shown in fig. 17. The excitation 
curve shows a bell-shape distribution with a FWHM of 
900 A and present a sharp edge on the low energy side. 
During thermal treatment, the front of the distribution 
moves rapidly toward large depth. This movement is 
accelerated between 300 and 450°C where the fluorine 
atoms are found in a broad distribution centered 
around 4000 A. An important background attributed to 
the third resonance is observed in the excitation curve 
corresponding to the fluorine density profile after 
treatment at 450°C. Further measurements have shown 
that an oxide layer is formed on the surface, the 
position and the shape of the density curve show that 
the fluorine cluster has been translated toward large 
depths. The presence of oxygen has been identified by 
backscattering of 3050 keV a-particles on '°O. 
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Fig. 18. Fluorine K X-ray emission during irradiation of 
fluoride solid samples with 2 MeV *He* ions. The spectra 
are normalized to the _ peak amplitude and are pre- 


sented with decreasing K,,., amplitudes [60]. 


Other applications of F analysis has been reported 
for biological materials [13,24], in glass [28] and metals 
[23]. 

Energy shifts and change in relative intensities fol- 
lowing the ionization of shells involved in the chemical 
energy bound were investigated by charged particle 
bombardment to produce ionization of the K-shell by 
light projectiles (protons and a-particles). High inten- 
sity chemical effects were measured in fluorine com- 
pounds where L electrons are directly involved in the 
binding. Special attention has been attached to the 
K,,,, satellites corresponding to a double ionization of 
the 2p shell in the final state; a situation which is also 
seen in the KLL Auger electron emission [58]. Com- 
pounds of fluorine are powdered, then cylindrical disc 
samples (20 mm in diameter) are obtained by compres- 
sion. These samples are bombarded with a beam of 2 
MeV a-particles, F X-rays from K-shell ionization are 
detected at a take-off angle of 45° from the surface. 
X-rays are analyzed with a Bragg spectrometer using a 
thallium acid phthalate crystal (TIAP). The overall 
energy resolution is 1.2 eV for F K X-rays. The de- 
scription of this technique is given in detail in ref. [59]. 

The results on: NaF, MgF,, LiF, CaF,, FeF;, KF, 
Na,PO,F, BaF,, SrF,, (CF,-CH,), (Kynar), (CF), 
(Teflon) and other polymers are reported in fig. 18. It 
is obvious that the spectrum shape is very sensitive to 
the chemical bond. The K, , satellite peak, which is 
prominent in NaF, is completely washed out in sub- 
stances like Teflon and other polymers. 

An important decrease of the K, | amplitude is 
observed when going from ionic to covalent bond. The 
case of KF remains completely unexplained and does 
not follow this simple rule. A correlation is found 
between spectra of satellite from double ionization and 
KLL Auger electron spectra, making further theoreti- 
cal investigations possible for a better knowledge of 
double-hole states in the second-row elements and the 
structure of p-bands in alkali halides and other fluo- 
rine compounds. In many cases, X-ray satellite spec- 
troscopy shows features which are not seen in photo- 
electron spectroscopy (ionic compounds) and more 
pronounced than in KLL Auger electron spectra. This 
spectroscopy can be considered as a new tool for the 
identification of fluorine compounds, particularly well 
adapted to the study of surface layers [58,60]. 


8. X-ray emission from neon implanted into metals 


The physical state of neon implanted into different 
metals has been studied by means of soft X-ray emis- 
sion spectroscopy [61]. 

Metal samples (beryllium, aluminum, titanium, 
chromium, iron, copper, zinc, molybdenum, silver, 
tungsten, gold, lead and bismuth) are implanted with 
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50 keV neon ions (*’Ne*) and subsequently irradiated 
with 4 keV electrons to excite the neon X-ray fluores- 
cence which is analyzed with a flat-crystal spectrome- 
ter. A considerable broadening of the atomic K X-ray 
line is observed for all samples, showing the existence 
of a band structure. The observed 2p band width W 
ranges between 1.95 and 4.07 eV depending on the 
host metal (compared with 1.3 eV for solid neon at 
atmospheric pressure). X-ray fluorescence analysis 
yields two observations (the total width W and the 
spectrum shape) which should be related to the follow- 
ing macroscopic parameters: the average metal shear 
modulus yu and the internal pressure [62]. A plot of W 
versus the shear modulus shows a relation which can 
be approximated by a straight line (where W is in eV 
and uw in GPa): W = (0.017 + 1.3). Using the relation- 
ship between the shear modulus and pressure, it is thus 
possible to relate W to the pressure. This effect is 
documented in the review paper by Banse-Lefebvre et 
al. in these Proceedings [63]. 


Appendix 


Ph.D. Theses related to analyses of light elements 
by charged particle bombardment totally or partially 
made at the LARN: 

J. Baijot-Stroobants: Etude par réactions nucléaires 
de la migration du fluor dans |’émail dentaire humain 
aprés application topique in vivo. 

G. Debras: Analyse quantitative et profil de concen- 
tration d’éléments légers par méthodes nucléaires 
promptes. Application a |’étude de la solubilité et de la 
diffusion de l’azote dans le verre. 

S. Van Den Brook: Effets d’état solide dans |’émis- 
sion du rayonnement X satellite du fluor observé lors 
de l’irradiation avec des particules chargéces. 

M. Piette: L’implantation d’azote dans le fer: étude 
expérimentale et modélisation. 

S. Lucas: L’implantation d’azote dans l’aluminium: 
caractérisation des profils et mesures de nanodureté. 

A. Banse-Lefebvre: Spectroscopie d’émission X du 
néon fluide et solide. 

H. Kathrein: Struktur und Ejigenschaften der an 
Kohlenstoff und Wasserstoff gebundenen Defekte in 
Magnesiumoxid. 

H. Wengeler: Einbau von atomarem Kohlenstoff 
und Wasserstoff in hochschmelzende Oxide. 

G. Oberheuser, Kohlenstoff, Exzess-Sauerstoff und 
OH ~ Ionen in Olivin-Einkristallen. 
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Analysis for hydrogen by nuclear reaction and energy recoil detection 


W.A. Lanford 


The use of MeV ion beams to measure hydrogen concentration profiles is reviewed. Both nuclear reaction analysis (NRA) and 
energy recoil detection (ERD) methods are discussed. Details of experimental approaches used and the effects of these different 
approaches on the analytic characteristics obtained are considered. The use of Doppler spectroscopy in both NRA and ERD to 
study the bonding of hydrogen in solids is briefly reviewed. The different methods are compared in terms of their advantages and 
disadvantages for certain analytic characteristics including accuracy, beam damage effects, sensitivity, and depth resolution. 


1. Introduction 


The use of MeV ion beams to analyze materials for 
hydrogen has been more interesting and more impor- 
tant than even the early researchers in this field had 
realized. The reasons for this are simple: hydrogen is 
probably the most common contaminant element, es- 
pecially in thin film materials; hydrogen has important 
effects on the chemical, physical, and electrical proper- 
ties of many materials; and, the analysis for hydrogen is 
difficult or impossible by most traditional analytical 
methods. 

The purpose of the present paper is to briefly 
review what experimental approaches have been devel- 
oped to utilize MeV ion beams to probe for hydrogen 
and to try to give some perspective on the advantages 
and disadvantages of the different approaches for par- 
ticular applications. Generically, these techniques fall 
into one of two categories: One is nuclear reaction 
analysis (NRA), in which MeV ions bombard a sample 
inducing nuclear reactions between the bombarding 
ion and hydrogen in the target with the number of 
nuclear reactions induced used to determine the 
amount of hydrogen in the target. The second is energy 
recoil detection (ERD) in which MeV ions bombard a 
sample and through elastic collisions cause hydrogen 
ions to recoil out of the sample with the number of 
these recoils used to determine the amount of hydro- 
gen in the target. 


1.1. Historical 


In 1914, Ernest Marsden, who had been a student 
working with Rutherford and Geiger on the classic 
alpha particle scattering experiments that led to our 
current understanding of the structure of atoms, ob- 
served long ranged particles coming from foils being 
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bombarded with alpha particles [1]. He identified these 
long ranged particles as protons being knocked out of 
the target by the alpha particles. He apparently was 
surprised by the large amount of hydrogen present in 
these foils implied by these results. 

These observations, published almost 80 years ago, 
are probably the first use of MeV ion beams as a probe 
for the presence of hydrogen in materials. The utility 
of this approach was not recognized by Marsden or 
others until much later when B. Cohen at Pittsburgh 
[2] published the first modern paper on the subject. It 
is perhaps interesting to note that two of the observa- 
tions made independently by many workers in this field 
over the years are already implied by Marsden’s 1914 
result: One is that hydrogen is present in surprisingly 
high concentrations in many materials; and the second 
is that cross sections for probing for hydrogen can be 
remarkably large. 

In 1972, B. Cohen and coworkers [2] described a 
recoil method for measuring hydrogen concentration 
versus depth in foils with thickness on the order of 0.1 
mm, or thinner. This method is described in more 
detail below, but the authors were able to demonstrate 
sensitivities on the order of 10 ppm (atomic) and 
concluded that sensitivities several orders of magnitude 
higher were possible. They also observed the universal 
presence of large amounts of surface hydrogen on their 
samples and measurable amounts of hydrogen contam- 
inations in the bulk of these samples with the possible 
exception of their measurements on an iron foil. While 
these authors described a powerful technique with 
many potential applications, this method has not been 
widely utilized. 

In the following year, papers began to be published 
utilizing nuclear reactions to probe for hydrogen. D. 
Leich and T. Tombrello [3] demonstrated the use of a 
resonant nuclear reaction between 'F and 'H to 
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measure concentration versus depth in any sample that 
can be placed in a vacuum. This work was motivated by 
Tombrello’s interest in learning about the history of 
the solar wind by measuring the resulting hydrogen 
profile on exposed surfaces of lunar rock. However, in 
addition to applying this method to this one special 
case, he also began to demonstrate the general utility 
of this approach by making measurements in other 
materials, including the hydration of obsidian [4]. 

It is at this time that large numbers of researchers 
began to publish on nuclear methods for hydrogen 
analysis. P. Adler and coworkers at Grumman [5] pub- 
lished work on the ’Li induced nuclear reaction. E. 
Ligeon and Guivarc’h in Grenoble published on the 
'lB induced nuclear reaction [6]. 

All of these were probes are sensitive to 'H. How- 
ever, at this time there was also work done on analysis 
for deuterium (D). This includes the work by Chu and 
Friedman at Brookhaven National Laboratory the 
D(D, n)*He reaction to measure implantation profiles 
of D in Au and AI [7]. Much more widely followed was 
the work of Pronko and Pronko who proposed using 
the *He(d, p)*He reaction to measure D profiles [8]. 

By the mid-1970s Lanford at Yale (and later at 
Albany) working with Zielger at IBM and coworkers 
developed the '°N resonant nuclear reaction [9]. For 
most problems, this technique is generally agreed to 
have the best analytic characteristics. With this devel- 
opment, Lanford undertook a program to see this 
technique utilized in as wide a variety of problems as 
practical. This resulted in contributions to fields from 
basic physics (e.g. containment of ultracold neutrons 
[10]}), to energy (H in amorphous Si solar cells [11]), to 
radioactive waste (durability of rad-waste glasses [12]), 
to glass science (surface reactions on glasses [13]), to 
electronic materials (H in plasma deposited materials, 
semiconductors and insulators [14]), to H in supercon- 
ductors [15], to applications in art history and archaeol- 
ogy (dating glasses [16]). 

Others have undertaken similar programs utilizing 
NRA to measure hydrogen in a wide variety of materi- 
als including Tombrello at Cal Tech, Kalbitzer at Hei- 
delberg, Rauch at Frankfurt, Doyle at Sandia, Thomas 
at Lyon, and Bottiger at Aarhus among others. 

It was at this same time that the Montreal group of 
J. L’Ecuyer and coworkers [17] demonstrated that the 
energy recoil detection (ERD) method, even without 
the coincidence technique of Cohen, could be a very 
powerful and general way to profile surfaces for all 
light elements. They typically used a bombarding beam 
of 30 MeV Cl and could simultaneously analyze for all 
elements oxygen and lighter. 

In 1976-77, J. Ziegler’s famous interlaboratory 
comparison of hydrogen profiling methods took place 
leading to the workshop on hydrogen profiling held at 
the Georgetown IBA Conference in 1977 and the pa- 


per [18] summarizing these results. This paper [18] is 
still a good source of information on hydrogen profiling 
techniques. As evidence of the power of Montreal's 
recoil method, they were the only group that partici- 
pated in Ziegler’s interlaboratory comparison that re- 
ported analysis for both H and D in these samples. 

In spite of the power of the method developed at 
Montreal, much like the experience with Cohen’s coin- 
cidence recoil method, this method was not immedi- 
ately widely adopted by others. Part of the reason for 
this is the fact that most groups using ion beams for 
materials characterization did not have easy access to 
accelerators with 30 MeV heavy ions. To some extent, 
the lack of access to accelerators with '"N and ‘°F 
beams also hindered the use of nuclear reaction profil- 
ing technique based on these beams. 

However, all ion beam analysis laboratories had 
access to MeV He beams and 1979 B. Doyle and P. 
Peercy of Sandia demonstrated that these beams could 
be used in an ERD mode to measure hydrogen profiles 
[19]. Since the equipment used for He ERD was so 
similar to that used in Rutherford backscattering, this 
development allowed most ion beam analysis laborato- 
ries to do hydrogen profiling. This greatly broadened 
the interest in routine hydrogen analysis. 

As recoil analysis for hydrogen became more popu- 
lar, the technique also has been greatly refined. Ross 
and coworkers [20] demonstrated that one can do very 
high resolution work even at low energies (350 keV) 
with He ERD when an electromagnetic (nonstraggle- 
inducing) filter is used to remove the elastically scat- 
tered particles, rather than the more common absorber 
foil. And more recently, R. Groleau and coworkers in 
Montreal [21] have combined high energy heavy ion 
ERD with a particle identifying counter telescope to 
measure separate profiles of all light elements at one 
time. In principal, this procedure is an enormous ad- 
vantage, one that is now being exploited by a number 
of groups arround the world. 


2. Nuclear reaction analysis 


While other nuclear reactions have been used (and 
many others are possible) by far the reactions most 
commonly used to probe for 'H in material are those 
induced by N [9] and '*F [3]. These reactions are 
similar in many ways: both have low energy isolated 
resonances at about 6.4 MeV and both have higher 
energy resonances above 10 MeV [22]. Another reac- 
tion which is capable of profiling much deeper into 
samples uses a ’Li beam [5]. The important parameters 
for these reactions are given in table 1. 

The use of the N reaction as a probe for hydrogen 
will be given as an illustration of this approach. Other 
resonant nuclear reactions can be used in the same 
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general way with differences (and, hence, different 
analytic characteristics) due to differences in the pa- 
rameters given in table 1. 

The '°N nuclear reaction method is illustrated in 
fig. 1. The nuclear reactions is 


°N +'H ~"C+*He + gamma-ray. 


To use this reaction to probe for hydrogen, a beam 
of N ions is incident on the sample being analyzed 
and the yield of characteristic gamma-rays is measured 
Because this is a resonance reaction, the cross section 
is large at the resonance energy (E,..) and small off 
resonance. Hence, if a sample is bombarded with 'N 
ions at the resonance energy, the yield of gamma-rays 
is proportional to the hydrogen on the surface of the 
sample. If the beam energy is raised above the reso- 
nance energy, there are no longer reactions with sur- 
face hydrogen (because the "N ions are above the 
resonance energy) but as the ions loose energy pene- 
trating the sample, they reach the resonance energy at 
some depth. Now the yield of gamma-rays is propor- 
tional to the hydrogen content at this depth. Hence, by 
measuring the yield of characteristic gamma-rays ver- 
sus beam energy, the hydrogen concentration versus 
depth is determined. 

Fig. 2 shows a schematic of the chamber that we 
have been using for this analysis for many years. There 
are a few comments that should be made about such 
chambers. 

First, note that there are no beam defining slits 
near the sample. Otherwise, hydrogen present on such 
slits would give a background count rate, limiting the 
sensitivity of the analysis. F. Rauch at Frankfurt [23] 
has solved this problem differently. He has a set of slits 
near the target that are kept nearly hydrogen free by 
keeping them hot. 

Second, note that the whole chamber is a Faraday 
cage with electron suppression at the insulated cou- 
pling where this chamber attaches to the beam line. In 
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Fig. 2. A schematic representation of the chamber used at 
Albany for nuclear reaction analysis. Many samples can be 
mounted on the circumference of the sample wheel to allow 


for rapid changing of samples. 





Reaction "Li+H 


SN+H 


SH+H 





Resonance energy [MeV] 3.07 
Cross section (a) 

at resonance [mb] 48 1650 
Resonance width (J") [keV] 81 1.8 
o,T (mb- keV] 389 2970 
Relative yield 0.13 1.000 
dE/dx in Si[MeV/pm] 0.442 1.45 
(T)/dE /dx [pm] 0.183 0.0012 
Energy of next 

resonance [MeV] 7.11 13.35 
Gamma-ray energy [MeV] 17.7, 14.7 4.43 


6.385 


13.35 


1050 
25.4 
26700 
9.0 
1.35 
0.0188 


18.0 
4.43 


88 

44 
3870 
13 
1.94 
0.0226 


9.1 
6.13, 6.98, 7.12 


86 
37800 
12.7 
1.94 
0.0443 


17.6 
6.13, 6.98, 7.12 





® The ’Li results are from Trocellier and Engelmann (ref. [5]). 
> The '°N and '’F results are from Xiong et al. (Ref. [22)) 


Il. REVIEW PAPERS 





68 W.A. Lanford / Analysis for hydrogen by NRA and ERD 


addition to the bias ring (shown), there is also a perma- 
nent magnet (not shown) mounted to stop electrons 
from passing between the Faraday chamber and the 
beam line. We have found that both electric and mag- 
netic suppression are needed to get sub 1% repro- 
ducibility for beam current integration, regardless of 
the nature of the sample (e.g. metals versus insulators). 

Because we do a lot of work with insulators, we 
have installed a heated filament near the samples. If 
during analysis, an insulating sample begins to charge 
up, the filament provides enough electrons to neutral- 
ize this charge. Because the filament is battery pow- 
ered with the batteries (electrically) part of the Fara- 
day cage, the presence of the heated filament has no 
effect on the beam current integration system. (Note, 
this system is just a flash-light bulb with the glass 
removed and the filament coated to reduce the work 
function.) 

In a typical run, the variable aperture will be opened 
wide. A beam viewer will be positioned in the target 
position and the ion beam will be focused to a small 
spot. A raster supply on the beam line will then be 
turned on to raster the analyzing beam over a square 
several millimeters on a side. 

The characteristic gamma-rays from the reaction 
are detected by a scintillation detector (NaI or BGO) 
located about 2 cm behind the samples. This detector 
is outside the vacuum chamber and is not electrically 
part of the Faraday cage. 

The samples are mounted nearly normal (actually 
six degrees away from normal to avoid accidental chan- 
neling) to the ion beam. This is done so that if the 
beam moves laterally on the sample, it does not change 
the distance from the sample to the gamma-ray detec- 
tor significantly. In an earlier design [9] with the sam- 
ples at 45 degrees to the beam, we found that lateral 
motions of the beam caused important changes in the 
detection efficiency. 

As an illustration, fig. 3 shows examples of both the 
raw data (gamma-ray yield versus beam energy) and 
final result (hydrogen concentration versus depth). 

The conversion of the raw data to hydrogen concen- 
tration is simple in these cases. First, it is usually a 
good approximation that the energy loss (dE/dx) of 
the incident ion is independent of energy over the 
energy range of interest. Hence, the depth of a mea- 
surement (x) is given simply by 


x=(E-E,.,)/(dE/dx). (1) 


The gamma-ray yield is proportional to the energy 
integrated area under the Breit-Wigner formula for a 
resonant cross section, i.e. proportion to (7/2)o,I, 
where g» is the cross section at the resonance energy 
and I is the width of the resonance. The yield of 
gamma-rays is also inversely proportional to the energy 
loss of the incident ions. This is because the yield of 
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Fig. 3. (top) The NRA profile of a sample of Si implanted 
with 10'° H/cm? at 40 keV. Both raw data (counts versus 
beam energy) and final results (H concentration versus depth) 
are shown. (bottom) The NRA profile of a plasma deposited 
silicon sample on a Si substrate. The solid datum is a repeat 
measurement after the profile of the thin film was completed. 


gamma-rays is proportional to the amount of H/cm? 
within the resonance detection window (i.e. when the 
energy is on resonance) and this is proportional to the 
thickness of the resonance detection window. But this 
thickness is inversely proportional to dE/dx. 


Or: Y = (hydrogen concentration) /K dE/dx, 
or: hydrogen concentration = KY dE/dx, 


where Y is the gamma-ray yield (counts /C of incident 
ions), and K is a constant which depends on the 
reaction cross section, detector efficiency, etc., but is 
independent of the material being analyzed. 

In summary, in resonant nuclear reaction profiling, 
a measurement of the number of nuclear reactions 
versus incident energy is made and eqs. (1) and (2) are 
used to convert the raw data to concentration profiles. 
The constant K is usually determined for a particular 
setup by measuring some sample of known hydrogen 
content (e.g. ion implanted with known dose, com- 
pounds of known stoichiometry, other standard sam- 
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ples). It is important to emphasize the K is indepen- 
dent of the material being analyzed and has only to be 
determined once. All the matrix dependent effects are 
contained in dE/dx. 

The procedure outlined above is the way most NRA 
hydrogen profiles are actually carried out. However, 
there are both real and potential complications that 
can enter and need to be considered. 


2.1. Depth resolution 


Let us define the depth resolution (Ax) of this 
method to be what the measured full width at half 
maximum (FWHM) of the hydrogen profile would be if 
measured for an infinitely thin layer of hydrogen at 
some depth in a sample. This is then determined by 
the width of the reaction resonance (J") and the fluctu- 
ations in the energy (AE) of the bombarding ions at 
this depth in the sample. AE has contributions from the 
energy spread in the incident ion beam (AE,), energy 
straggle (A E.), and Doppler energy broadening (AE,,). 
Since in most cases these are all Gaussian distribu- 
tions, the total energy width is obtained by adding 
them in quadrature: 


AE* =AE} + AE? + AE}. (4) 


The the nuclear reaction cross section is not a 
Gaussian function of the beam energy, and, hence, the 
width of the resonance does not simply add in quadra- 
ture to E above, but must be numerically convoluted. 
This convolution is available in graphical form in a 
paper by Amsel and Maurel [24]. In the case of the '°N 
low energy resonance, the nuclear reaction width is so 
narrow as to be always small compared to the other 
contributions in eq. (4). In this case, [ and AE add 
linearly. See ref. [24]. 

Hence, for the '"°N nuclear reaction method, the 
depth resolution is given by 


Ax =(AE+I)/(dE/dx). (5) 


For other cases, the resonance width has to be com- 
bined appropriately with AE above. See reference [24]. 


2.2. Straggling 


As the pioneering work of Amsel and coworkers at 
Paris have demonstrated, a proper treatment of strag- 
gling is very important when proton induced NRA is 
carried out. However, straggling is usually much less 
important when hydrogen profiling with heavy ion in- 
duced nuclear reactions. The basic reason for this is 
simply that the ratio of energy straggle to energy loss of 
an ion penetrating a solid decreases with increase M 
(and Z) of the ion. Hence, while the influence of 
straggle can be dramatic in proton resonant profiling 


data, it is usually a small perturbation in '°N nuclear 
reaction profiling data. 

When straggling is taken into account, it is usual to 
use the Bohr formula [25] 


AE, = 2.355(43e*z2ZNx)'””, (3) 


where z and Z are the atomic numbers of the projec- 
tile and target atoms, respectively and N is target 
atomic density (atoms/ volume) and x is the distance 
into the target. To put these numbers into perspective, 
for the '°N NRA case, in Si, the energy straggle given 
by eq. (3) is 75 keV yum, or the contribution of 
straggle to the depth resolution (a Gaussian full width 
at half maximum) is 50 nm yum. 


2.3. Doppler effects 


It is a fact that hydrogen atoms in materials are not 
stationary but vibrate, typically in the zero point mo- 
tion of an atom trapped in the lowest state of an 
harmonic oscillator potential well. For a narrow nu- 
clear resonance, this motion can shift the reaction on 
and off resonance [26]. For example, the width of the 
'SN resonance is 1.8 keV, whereas the Doppler broad- 
ening is in the range of 5 to 15 keV, depending on the 
strength of the hydrogen bond. This will be discussed 
further below. For the present purposes, it should be 
noted that this contribution is usually small compared 
to straggle, except when analyzing very thin hydrogen 
surface layers where Doppler effects are usually the 
dominant source of broadening. 


2.4. Beam energy spread 


This is a difficult topic to discuss in general because 
it is so dependent on the nature of the accelerator and 
its energy control and stability systems. However, expe- 
rience suggests that if it has not been measured care- 
fully, it is not known and it may be larger than simple 
estimates suggest. 


2.5. Off-resonance contributions 


The ideal nuclear reaction for profiling would be 
one with an infinitely narrow resonance reaction with a 
zero cross section off resonance. The 'N nuclear reac- 
tion is nearly this ideal. The cross section is shown in 
fig. 4 [27]. Note that the off resonance cross section is 
more than four orders of magnitude smaller than the 
peak resonance cross section. For other resonance 
reactions, the off resonance cross sections a generally 
much larger. 

However, even in this very favorable case, there are 
situations where the nonzero off resonance cross sec- 
tion needs to be taken into account. This occurs when 
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Fig. 4. The "H+'H > '°C+*He + gamma-ray cross section 

From ref. [27]. Note that the peak cross section at the reso- 

nance is more than four orders of magnitude greater than the 
off resonance cross section. 


a profile is being measured through a surface layer 
containing large amounts of hydrogen and into a low 
hydrogen containing material. When the '°N ions are 
on resonance deep into the material, the off resonance 
cross section with the large amount of near surface 
hydrogen may result in significant counts. The extreme 
example was used to measure this off resonance contri- 
bution. Namely, a layer of nominally TiH, on clean Si 
was profiled [27]. The results of this profile are shown 
in fig. 5. The counts above 7.2 MeV essentially all 
come from the off resonance cross section. 

The correction for such off resonance effects are 
simple. Since the off resonance yield is proportional to 
the on resonance energy integrated gamma-ray yield 
(i.e. the yield curve between 6.4 and 7.2 MeV in fig. 5) 
times the off resonance cross section, once the propor- 
tionality constant is known, one simply subtracts these 
off resonance counts from the total counts. In the case 
of N NRA, this correction is 


Yorr res.= (1.28 x 1075)/, 


where / is the energy integrated on resonance yield (in 
counts - keV) [27]. 
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In the case of the '’F high energy nuclear reaction, 
there is another resonance at slightly higher energy [3]. 
The presence of this other resonance makes profiling 
anything other than rather thin layers very difficult 
because of “off-resonance” contributions from this sec- 
ond resonance. 


2.6. Energy loss rate 


As indicated above, all the matrix dependent effect 
in nuclear reaction analysis appear only in the rate of 
energy loss of the bombarding ions in the target. This 
is one of the great advantages of many nuclear meth- 
ods of analysis. Because of it, the phrase “quantitative 
without reference to standards” is often used in de- 
scribing these methods. 

However, this phrase is only true to the extent that 
one knows dE/dx for the target. Fortunately, while 
dE/dx is a very complicated subject with no complete 
theoretical solution available, dE/dx is known to ap- 
proximately 5 or 10% for most ions of interest in NRA 
from a combination of theory and experiment [28]. 
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Fig. 5. The raw data (counts versus beam energy) for a sample 

of TiH, on Si. Both plots are of the same data with the lower 

plot expanded in order to see the off-resonance counts clearly. 

The counts above 7.2 MeV come from the off-resonance cross 
section. From ref. [27]. 
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Most materials being analyzed are not single ele- 
ment targets. Hence, one needs to know how to com- 
bine elemental dE/dx to obtain the dE/dx for com- 
pound targets. The usual procedure is to assume (the 
Bragg rule) that each atom in a target contributes the 
same energy loss as it would in a single element target, 
i.e. that dE/dx is not sensitive to how elements are 
bonded in a sample. This is known not to be always 
accurate. One can do much better. For example, Ziegler 
and Manoyan [29] have shown accuracy of a few per- 
cent can be obtained for dE/dx in compound targets 
by making appropriate corrections to the Bragg rule. 
While these corrections are not typically made, they 
should be. 


2.7. Channeling 


When working with single crystal samples, channel- 
ing can have huge effects on NRA measurements. It 
can be a great asset when employed to learn about 
lattice locations. However, “accidental channeling” can 
also limit the accuracy of NRA depth profile measure- 
ments. As Andersen and coworkers have shown [30] 
these effects can also be very important in polycrys- 
talline samples that have preferred crystal orientations 
(e.g. evaporated films). See ref. [30]. 

It is not the possible to discuss channeling in detail 
here. The only point that needs to be made is to 
beware of channeling effects when working with crys- 
talline targets. In some single crystals, it is difficult to 
find any direction that is “random” in a channeling 
sense. 


2.8. Backgrounds and sensitivity 


When making NRA measurements where the reac- 
tion product is a high energy gamma-ray, the gamma- 
ray detectors are also sensitive to other background 
radiations, such as cosmic rays and, in some cases, 
accelerator generated radiation. This background is 
what limits the sensitivity of such NRA. There are 
several ways in which sensitivity can be improved. The 
first is to increase the beam current. Since, the back- 
ground us usually independent of beam current whereas 
the real count rate increases linearly with beam cur- 
rent, sensitivity improves linearly with beam current. 
However, this approach can be used only up to the 
limit of the beam current available at a particular 
accelerator or the limit of beam current that a particu- 
lar sample will withstand. 

When the beam current is sample limited, it is now 
common practice in some laboratories to raster the ion 
beam over a large target area in order to reduce the 
effects of the beam. 

An approach that would be possible if pulsed ion 
beams were available would be to blank electronically 


the detector except when the beam pulse was on tar- 
get. Such an approach with the same average beam 
current would improve the sensitivity by the ratio of 
the pulse repeat time to the length of the beam pulse. 
As far as we are aware, this approach has not been 
utilized. 

An approach that has been used at a number of 
laboratories is to build material and electronic shields 
to reduce the background in the gamma-ray detectors 
[31-33]. This approach is much easier with the advent 
of bismuth germinate (BGO) scintillation detectors as 
a replacement for Nal. BGO detectors are much more 
efficient (for a given size) than Nal but are much less 
sensitive to cosmic ray neutrons [32,33]. Hence, BGO 
detectors need much less material shielding than Nal. 
Experience suggest that one can obtain about an order 
of magnitude improvement in sensitivity using this ap- 
proach. A variety of these systems are described in the 
literature [31-33]. 


3. Nuclear reactions for other isotopes of hydrogen 


While the bulk of work on hydrogen profiling in- 
volves analysis for 'H, there has also been considerable 
work on other isotopes. Indeed, one of the first publi- 
cations of NRA was a study of range profiles of ion 
implanted D into gold and aluminum. In this work, the 
D+D-—*He+n reaction was used, with neutrons 
detected [7]. 

We will not attempt to describe here all the differ- 
ent possible reactions for deuterium (D) and tritium 
(T) analysis. Some of the reactions that have been used 
include: D+D—~T+p (34, D+D—-*He+n [7], 
‘He + D — p + ‘He [8,35], T+ D > *He + n [36], and 
T +H — *He + n [37,38]. The reader is referred to the 
literature for discussion of these various reactions. 

The most widely used reaction for deuterium analy- 
sis is the 7H(*He, p)*He reaction [8,35] which has a 
very positive Q-value (18.35 MeV) making identifica- 
tion of the reactions products very easy. The depth 
information is obtained by the energy loss of the outgo- 
ing *He particles. The cross section for this reaction is 
not large (70 mb at 0.75 MeV) compared to the elastic 
cross section, so one has to worry about count rate 
problems. 


4. Energy recoil detection (ERD) 
4.1. Transmission coincidence 

The 1971 paper of Cohen and coworkers [2] de- 
scribes a method for hydrogen profiling in relatively 


thick (on the order 100 ym) self-supporting foils. The 
authors demonstrated ppm sensitivity, outlined how to 
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improve this sensitivity by an order of magnitude or 
more, and pointed out that with a microbeam, full 
three dimensional profiling could be achieved. While 
this method has not been widely adopted, it seems 
capable of solving some still outstanding hydrogen pro- 
filing problems. Hence, this method will be briefly 
described here. 

The basic approach of this method, as outlined in 
fig. 6, makes use of the proton—proton elastic scatter- 
ing. The sample to be analyzed is bombarded with 
protons (in Cohen’s case at 17 MeV) and the incident 
proton and a recoiling proton are detected in coinci- 
dence by two detectors at plus and minus 45 degrees to 
the beam direction. The key reason that this technique 
works is that for every proton detected on one detector 
which comes from an elastic scattering from a hydro- 
gen in the target there must be a proton also detected in 
coincidence in the other detector. Hence, it is the re- 
quirement that there must be two protons detected 
simultaneously in the two detectors that selects out the 
scattering from hydrogen from the scattering for all the 
other atoms in the target. 

The depth information comes from the fact that the 
total energy lost in the target depends on where in the 
target a scattering occurred. See fig. 6. To make use of 
this information, the energy detected in both detectors 
is summed. The highest energy events observed come 
from scattering at the back edge of the foil and the 
lowest energy events come from scattering at the front 
side. 

Fig. 7 shows a typical result for analysis of a foil 
with a very low hydrogen concentration. The count rate 
in the center of this foil corresponds to 10 + 10 ppm 
(atomic), with the sensitivity limited by the tails of the 
surface hydrogen peaks. Background caused by tails of 
surface peaks is a common sensitivity limitation in 
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Fig. 6. A schematic representation of Cohen’s transmission 
coincidence method for H profiling in self supporting foils. 
From ref. [2]. 
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Fig. 7. Results for H content versus depth in a 50 ym iron foil 
measured by Cohen’s p—p transmission coincidence method. 
From ref. [2]. 


recoil methods. However, it is worth noting that the 
foils used by Cohen had unusually high surface hydro- 
gen contaminations, perhaps because of the way they 
were manufactured, perhaps because of Cohen’s vac- 
uum conditions. For example, the surface peaks in fig. 
7 correspond to 1.2 x 10'* H/cm? (side A) and 0.24 x 
10'* H/cm? (side B). This is 10 to 100 times more 
surface hydrogen than is commonly found on samples. 
Lowering this surface hydrogen would immediately im- 
prove the sensitivity. 

The advantage of this method would seem to be 
that of high sensitivity, probably well below 1 ppm 
(atomic) is good cases. It utilizes low beam currents (a 
few nanoamperes) of a lowly ionizing particle. Hence, 
beam induced effects on the target material should be 
small. With microbeams, there Is the possibility of full 
3 dimensional imaging. 

The disadvantage of this method is that it requires 
samples that are thin enough to transmit the protons. 
At the energies that Cohen worked, this corresponds 
to maximum thickness on the order of a few tenths of 
millimeters. It also requires a relatively high energy 
proton beam which is not commonly available to the 
IBA community. 

One area of research that might benefit from appli- 
cation of this method is the study of hydrogen in 
minerals. This problems was discussed in detail by G. 
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Rossman at the last IBA conference [39]. It would 
seem that standard geologic thin sections (removed 
from their backing) would be suitable targets. This 
application needs high sensitivity along with minimum 
beam effects on the samples. Imaging with a micro- 
probe to look at different hydrogen concentrations in 
different phases or at different regions in a single 
crystal would also be useful. 


4.2. Heavy ion ERD 


Heavy ion energy recoil analysis uses precisely the 
same physics as Rutherford backscattering spectrome- 
try but chooses a geometry to detect the recoiling 
target atoms rather than the backscattered incident ion 
[17]. By doing this, the method becomes sensitive to 
exactly those atoms that are difficult to detect in RBS, 
light atoms. Within this general framework, there is a 
large amount of freedom to choose different experi- 
mental conditions to optimize for different goals (best 
depth resolution, or maximum count rate, or sensitivity 
to many light elements, ... ). 

Fig. 8 shows a common arrangement used in ERD 
There is an beam of ions incident on the sample and a 
detector sensitive to the recoiling target atoms. This 
figure shows the more commonly used geometry (glanc- 
ing angle) but for thin samples a transmission geometry 
can be very useful. 

Fig. 9 shows a spectrum of recoil particles recorded 
by the Montreal group using 30 MeV “Cl beam inci- 
dent on a thin copper sample coated with Li and 
implanted with He [17]. This spectrum illustrates both 
the power and the limitation of this method. First, it is 
powerful in that it gives information on all the light 
elements present in the sample from H to carbon. In 
this case, depth profiles for both the front (F) and back 
(B) are determined. The limitation of this method is 
that (as in RBS) the spectra for all the different ele- 


Fig. 8. A schematic representation of the usual ERD method 
for glancing geometry. From ref. [19] 
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Fig. 9. The ERD spectrum recorded by the Montreal group 
for 30 MeV “Cl! beam incident on a target of LiOH on Cu 
implanted with He. F and B refer to front and back of the 
target. From ref. [17] 


ments are superimposed. For example, the H profile 
data are on top of a large carbon peak. For H analysis 
alone, this is not a very serious limitation because one 
can usually choose a projectile mass and energy so that 
the H signal is kinematically separate from everything 
else. However, a better solution is to use a counter 
telescope to identify the M or Z or the recoil particles. 
This is discussed below. 

One of the main considerations in designing a recoil 
setup is how are the recoiling target atoms going to be 
separated from the elastically scattering incident ions. 
The most common approach is the one shown in fig. 8. 
Namely, an absorber foil (particle filter) is placed in 
front of the detector. This absorber foil is chosen to be 
thick enough to stop all the elastically scattered inci- 
dent particles but thin enough to pass the recoiling 
atoms. 

The use of absorber foils has the big advantage of 
being simple but has the disadvantage of introducing 
straggle into the energy of the detected particle. Since, 
as in RBS, the depth information is contained in the 
energy of the detected particle, this straggle degrades 
the depth resolution of this method. Because of its 
simplicity, the foil absorber method is widely used. 
Paszti and coworders in Budapest have carefully stud- 
ied optimization of parameters to obain the best possi- 
ble depth resolution in this approach. They report that 
using a *He beam, a depth resolution of 10 nm can be 
optained [40]. 

A second approach is to eliminate the elastically 
scattered particles kinematically [41]. This can be done 
by moving the detector to a large enough angle that it 
is beyond the kinematically allowed maximum scatter- 
ing angle for the particular beam / target combination 
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Fig. 10. A schematic representation of the recoil method as 
developed by Ross and coworkers. Here the absorber foil is 
replaced with a electromagnetic filter that passes the recoil 
particles but not the elastically scattered particles. This 
method does not add straggle to the recoils. From ref. [20]. 


in question. In this situation, only the recoils are possi- 
ble at the detector. Unfortunately, since targets with 
only light elements are not common, this approach has 
had few applications. 

A far better approach is to install an electromag- 
netic particle filter in front of the detector. This could 
be a full magnetic spectrometer or it could be a rather 
crude electromagnetic filter that passes the recoil par- 
ticles but not the elastically scattered particles. Ross 
and coworkers at the University of Quebec [20] have 
demonstrated the utility of the latter approach. Fig. 10 
shows this situation. As shown in this figure, their 
electromagnetic filter disperses the particles by their 
mass. By placing the detector at the position of H* 
particles, that is all that they detect. This process 
introduces no straggle in the energy of the detected 
particle, greatly improving the depth resolution over 
that obtained with absorber foils. Fig. 11 shows a 
hydrogen profile measured by this technique. As seen 
in this figure, the depth resolution can be very good, on 
the order of a few nm. 

Ross’s filter is a rather simple and inexpensive 
device with crossed electric and magnetic fields. A 
much more powerful (and expensive) solution is to use 
a magnetic spectrometer to detect the recoils. Gossett 
at NRL [42] has done this and obtained 8 nm depth 
resolution using 3 MeV He as the bombarding ion. The 
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use of magnetic spectrometers to measure hydrogen 
profiles in ERD would seem to have enormous poten- 
tial. This approach should have very high depth resolu- 
tion, and since sensitivity in ERD is almost always 
limited by tails of surface hydrogen peaks, this ap- 
proach should give very high sensitivity 


4.3. Glancing or transmission geometry 


Most ERD work is done in a glancing angle geome- 
try. This is because most samples are not thin and 
self-supporting. However, for some types of problems, 
there are large advantages of using transmission geom- 
etry where the recoiling hydrogen passes through the 
sample and is detected at or near zero degrees from 
the incident beam direction. Zero degrees is both the 
angle where the recoils have the maximum energy and 
the angle where the change in recoil energy with angle 
(dE /dé@) is a minimum. In fact, dE /dé@ is 0 at zero 
degrees. Hence, one has both high energy particles and 
one can use a large solid angle and still preserve 
reasonable depth resolution. 

Hence in cases where high count rates per incident 
projectile are needed, transmission geometry may be 
the best solution. For example, ppm sensitivity can be 
obtained in favorable cases in transmission geometry in 
UHV [43]. In another example, we used a large solid 
angle transmission geometry (shown in fig. 12) in order 
to measure the redistribution of H under changes in 
strain [44]. Since the changes in hydrogen concentra- 
tion expected were relatively small (10% or less), a 
method that gave high statistical accuracy quickly was 
needed. By using this geometry, count rates of 5000 
counts /s were obtained with 7 nA of beam current on 
samples contain 23% H. Fig. 13 shows an example of 
the use of this method to measure the hydrogen near 
the surface of Ta depending on the stress applied (by 
bending the sample). H content decreases under com- 
pression and increases under tensile stress. Transmis- 
sion geometry can even be used to obtain useful hydro- 


COLLIMATOR SAMPLE 


DETECTOR 











RECOIL PROTONS 


Fig. 12. An example of ERD in transmission geometry to get 

very large count rates of recoil H with small incident beams. 

This was used in an experiment to measure the change in 

hydrogen content with stress (as obtained by bending the 
sample in situ). From ref. [44]. 
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Fig. 13. Recoil data recorded with the apparatus shown in fig 
12. Hydrogen is seen to move from regions under compression 
to regions under tension. From ref. [44]. 


gen profile data in ERD using radioactive alpha 
sources, although long run times are needed [45]. 

In sum, the very large count rate per incident parti- 
cle possible in a recoil geometry provides a number of 
unique analytic possibilities that might solve problems 
that are otherwise unsolvable. 


4.4. M or Z dispersive ERD 


ERD is fundamentally very much like RBS and is 
usually practiced much like RBS. Namely a single 
energy sensitive detector is used and mass of the de- 
tected particle is determined only by its energy [17]. If 
analysis is desired only for hydrogen isotopes, they are 
so different in mass from other nuclei that this simple 
kinematic determination is usually sufficient. However, 
overlap of masses is this single recoil spectrum can and 
commonly does occur. See for example fig. 9. 

ERD has one large fundamental advantage over 
RBS in that the detected particle has the M and Z of 
the target element being profiled. Hence, if a simple 
energy sensitive detector is replaced with a counter 
telescope that can measure the M or Z (or both) of the 
recoiling atoms as well as their energy, one has the 
possibility of determining in a single run separated, 
nonoverlapping depth profiles of all light elements in 
the target. This is clearly a very desirable goal. 

Counter telescopes which can determine the isotope 
of the detected particle have been known and utilized 
in nuclear physics for decades. There are two common 
types: one measures energy loss (AE) in a thin detec- 


tor as well as total energy (E). The other type mea- 
sures time-of-flight (TOF) of the detected particle as 
well as its energy. An energy loss telescope is capable 
of uniquely determining both the M and Z of the 
recoiling particle at reasonable energies. A TOF tele- 
scope determines the mass of the recoils. For IBA 
purposes, either is normally sufficient [21,46—48]. 


4.5. Kinematically corrected counter telescope 


One of the difficulties of ERD is that in order to 
preserve the depth resolution of this method, the scat- 
tering angles accepted by the detector have to be 
carefully restricted. Otherwise, because the energy of 
the recoils changes so rapidly with scattering angle, the 
depth resolution of the method is rapidly degraded. 
This problem can be solved to a limited extent by 
carefully designing the slits [49]. However, if a counter 
telescope is to be used to identify the recoil isotope, it 
is possible to also make kinematic corrections. 

Fig. 14 shows the schematic of the AE ion chamber 
telescope. It consists of an ion chamber (with a Frisch 
grid) AE detector in front of a standard surface barrier 
detector. There are actually two AE chambers for 
redundancy. This a rather thin AE counter, with the 
entrance window about 30 pg/cm’, operated with 100 
peZ/ cm? of isobutane. 

This detector is mounted on its side (i.e. the figure 
shown is in the scattering plane) so that electrons from 
particles at large scattering angles have to drift farther 
to the collector electrodes than electrons from smaller 
scattering angles. By measuring the time it takes these 
electrons to drift to from the ion path to the Frisch 
grid, one has a measure of the scattering angle which 
can be used to make kinematic corrections to data. 
This can be done, for example, by feeding this drift 
time data, event by event, into a computer along with 
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Fig. 14. A schematic representation of a ion chamber tele- 

scope that can measure energy loss (to identify recoiling 

element), energy (for depth information) and scattering angle 

(to make kinematic corrections). The scattering angle is deter- 

mined by measuring the electron drift time from the ion track 
to the collector 
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Fig. 15. Electron drift time versus energy for Si elastically 
scattering from Ni. By making kinematic correction, the effec 
tive energy resolution was improved by a factor of 3 


the AE and E data. We have done it by simply taking 
the output of the TAC used to determine the drift 
time, carefully adjusting the gain of the TAC output 
and simply adding it to the E signal, i.e. making 
kinematic corrections with fixed wire linear electronics. 

Fig. 15 shows a plot of TAC out put versus energy 
of the particle. The large peak is just of elastic scatter- 
ing of Si off Ni. The tilted line in the plot results from 
simple kinematics. By making the kinematic correction 
outlined above, the energy resolution of this elastic 
scattering was improved by a factor of 3. 

Since M and Z Dispersive ERD are much more 
general analytical methods than simply ways to probe a 
sample for hydrogen, they will not be discussed in 
more detail here. They clearly have great potential but 
require higher energy heavy ion beams than are gener- 
ally available in IBA laboratories. They are also rela- 
tively new and only time will tell if this approach 
competes effectively with other analytical approaches. 


5. Foreward alpha scattering technique (FAST) 


Another method to measure H and other light 
elements in thin samples is simply to detect elastically 
scattered partiles with a detector at foreward angle and 
use the energy of the detected particle to deduce the 
mass from which it scattered. T. Cahill at Davis [50] 
uses this method with a 30 MeV *He beam to measure 
H, C, O, and N in aersols. The method gives only the 
areal density (atoms/cm’). Fig. 16 shows a typical 
spectrum with the peaks identified by the element 
from which the particles scattered [50]. 

This method is well suited to be used in conjunction 
with particle induced X-ray measurements (PIXE). The 
PIXE is sensitive to all heavier elements and the FAST 
gives the light elements. See [50]. 
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6. Doppler spectroscopy 


As pointed out in a series of papers by the Heidel- 
berg group of Zinke-Allmang, Kalbitzer, and cowork- 
ers [51], the 6.385 MeV resonance in the "N+'H 
nuclear reaction is so narrow that motion (usually 
ground state zero point motion) of H bound in a target 
can shift the reaction on and off resonance. This 
broadening effect can then be used to learn about how 
H is bound in the solid [51]. Consider a hydrogen atom 
bound in a solid or a molecule which has a velocity, v. 
The energy of the 'N ion incident on such a moving 
proton is Doppler shifted. The proton sees the energy 
of the incident '°N as 


E=M(Vy+v)'/2 
= MV. /2 + MoV, + Mv? /2, (4) 


where V,, is the velocity of the 'N ion (9.1 x 10° m/s 
at 6.4 MeV) and M is mass of the '°N ion. 

In eq. (4), the first term is 6.385 MeV (the labora- 
tory '°N energy). The second “Doppler” term is on the 
order of 5 keV, depending on how the H is bonded in 
the target. The third term is on the order of the 
binding energy of the proton in the solid and is negligi- 
ble here. If one can measure the Doppler term, one 
has a rather direct measure of the strength with which 
the hydrogen is bonded in the solid [51-54]. 

The velocity of a H atom is sometimes toward and 
sometimes away from the direction of the incident '°N 
ion. Hence, the effect of this term is to add to the 
beam energy (measured in the laboratory) a fluctuating 
term that has the magnitude of the Doppler term in 
eq. (4). That means, for example, that when measuring 
the nuclear reaction gamma-ray yield versus beam en- 
ergy for an infinitely thin H target, the width of the 
yield curve would not be the 1.8 keV width of the 
nuclear resonance but rather the convolution of the 1.8 
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the target. From ref. [50] 
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keV Breit—Wigner shape with a Gaussian whose width 
was given by the Doppler term and is in the range of 
5-15 keV (FWHM), depending on the bond strength 
Hence a measurement of this yield curve for a thin 
target determines the bond strength. Fig. 17 gives some 
Doppler widths expected for some known hydrogen 
bonds [54]. 

Since this method is only sensitive to the strength of 
the H bond in the direction of the incident ion, this 
method is capable of measuring bond strength as a 
function of angle, for example of hydrogen bonded to a 
single crystal surface. This is unique information not 
available from other experimental measurements. 

Doppler spectroscopy has been demonstrated in a 
few cases [51-55]. One of the potential experimental 
problems associated with this measurement is the ef- 
fect of radiation damage from the analyzing beam on 
the way H is bonded to a surface. To avoid this 
problem, Horn and coworkers [53,54] demonstrated 
the effect by measuring the Doppler broadening for H, 
and methane gases using a windowless gas cell for a 
target. Since the target was continually refreshed, this 
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avoided radiation damage effects. In addition, because 
the target thickness could be easily and continually 
varied, this allowed for careful determination of both 
Straggle and energy loss effects. Iwata and coworkers 
have measured the Doppler broadening of H on W 
(001) [52]. 

However, perhaps the physically most interesting 
results are not measurements made on single crystal 
samples but on hydrogenated carbon samples [55]. 
Kalbitzer’s group published the first measurements on 
Doppler broadening [51] working with surfaces coated 
with thin layers of hydrocarbons. His group has contin- 
ued to work with carbon containing H. Shown in fig. 18 
are some very interesting results of Doppler broaden- 
ing for this case [51]. These are thick target yields and 
the Doppler broadening results in the yield curve rising 
more slowing than it would without this effect. The 
interesting point is that the Doppler broadening mea- 
sured at the beginning of the analysis of a sample gave 
a width of 14.6 keV (FWHM) whereas the same sam- 
ple, after long exposure to the '°N beam has a reduced 
Doppler width of 8.3 keV. Hence, what is being ob- 
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Fig. 18. Measurement of Doppler broadening for H in thick 
carbon films. The upper data were measured first and show a 
Doppler width of 14.6 keV. The lower data were measured 
after exposing the sample to '"N beam for a long time. Now 
the Doppler width has decreased to 8.3 keV. This change is 
caused by changes in the H bonding caused by the beam 
irradiation. From ref. [55] 


served is change in the way the H is bound to C as a 
result of the ion beam irradiation. This may be the 
result of conversion of C-H bonds to H—H bonds [55]. 


6.1. ERD doppler spectroscopy 


While to the best of our knowledge, Doppler broad- 
ening has been used to study bond strengths only in the 
context of NRA with very narrow resonances, it is 
more general than that. For example, the motion of a 
bonded proton also effects the energy of a recoiling 
proton subject to ERD. 

In particular, let there be a projectile of mass M 
with velocity V incident on a proton of mass m and 
velocity v and work in one dimension. (Note, the 
expression for the full three dimensional case is given 
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in ref. [Sic].) If v = 0 (proton at rest), the recoil energy 
is given by 


E recoil 


{(4Mm) (M +4 m) }Ey, (5) 


where E, is the incident energy of M. If v is not 0 


E secon = {(4Mm)/(M + m)}{M(V — vy /2} 


+ {mv*/2} + {2mMv(V -v)/(M +m)}, 
(6) 


which, in the limit that v is much less than V becomes 
approximately 


E recoil = {(4mM ) (m + M)’}{ E, —-(M—m)Ww/2}. 
(7) 


The second term now becomes the “Doppler” term 
(E,,). To compare the size of this effect with the NRA 
Doppler term, consider the ratio of E,, to the incident 
energy Ey. 


NRA: E,/E, = 2v/Vx, 


ERD: E,/Ey = —{4mM/(m + M)’} 


x{(M—m)/M}v/V 


As can be seen, both these are comparable, with the 
ERD ratio typically 1/2 to 1/4 the NRA ratio. 

To put some numbers in to see how big this effect 
is, lets consider “He ERD at 1.7 MeV (the same 
velocity as 6.4 MeV "N), if the Doppler broadening 
was 15 keV in NRA, then it would be 1.0 keV in ERD, 
which is small but it should be measurable. 


7. Comparison of different approaches for H profiling 


A number of different ways to measure hydrogen 
concentration profiles are outlined above. While they 
are very different in some ways, it is important to 
remember that they all share the important property 
that they are MeV ion beam methods that rely on 
nuclear properties and are insensitive (except through 
channeling and stopping powers) to the matrix effects 
that make other methods, such as secondary ion mass 
spectrometry, so difficult to quantify. Hence, they all 
share the important characteristic that they are easy to 
make quantitative without reference to standards. 


7.1. General light element probe 


Heavy ion ERD is fundamentally different from the 
other methods discussed in that it is a general method 
that gives information about all light elements present in 
a sample. This can be an enormous advantage, just as it 
is in RBS. Many times RBs spectra are recorded to 
study some particular element in a sample and the 
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analysis points out some totally unexpected features in 
the target. This can lead to major discoveries. Heavy 
ion ERD gives information not only about H but also 
about C, N, and O and having all this information may 
provide insights that looking at just one element can- 
not give. 


> 
4 


Comparison of H probes 


Our experience has been that by far the most com- 
mon analytic need for hydrogen analysis is to provide a 
quantitative measure of the hydrogen content versus 
depth in some sample or set of samples. Examples 
would be a study of CVD thin film materials 
(amorphous Si, silicon nitride, silicon carbide, boron 
nitride, silicon dioxide, diamond-like amorphous car 
bon, copper, high temperature superconductors, ...) or 
studies of the water based corrosion of materials (e.g 
radiation-waste glasses, obsidian or other archacologi- 
cal glasses, Zr alloys used in reactors,...). For most 
such measurements, as long as the hydrogen levels are 
high enough and the layers thick enough, any of these 
methods will work fine. One should simply choose that 
method which is easiest to implement given the labora 
tory resources available 

The distinction between which methods are better 
depends on responding to certain analytic challenges 
Below are listed some generic analytic challenges along 
with comments on the advantages or disadvantages of 
different approaches. 


7.3. Quantitative accuracy 


The method that is easiest to make quantitatively 
accurate is the method that is the simplest and allows 
for the most precise determination of the critical pa- 
rameters. In this respect, NRA is the best. To make 
quantitatively accurate NRA measurements requires 
that you can reliably measure the quantity of beam 
incident on the target, and that the gamma-ray detec- 
tor has’a constant efficiency. Since in NRA the detec- 
tor is removed from the analysis chamber, there is 
essentially complete freedom to design a very effective 
Faraday cage. If the geometry with the sample normal 
to the beam with the detector at zero degrees (as 
shown in fig. 2) is chosen, even if the incident beam 
wanders a little in position, the detector efficiency does 
not change significantly. In ERD, charge integration is 
more difficult because the detector has to be in the 
analysis chamber and the beam/ sample / detector ge- 
ometry has to be maintained very precisely in order not 
to change either scattering angles (and hence cross 
sections) or detector solid angles. 

In addition, analysis of NRA data relies only on a 
single cross section (the reaction cross section at the 
resonance energy) whereas ERD depends on knowing 
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the recoil cross section at all energies at which recoils 
occur. Since the ERD cross sections commonly used 
are distinctly not Rutherford, they have to be mea- 
sured as a function of energy and detection angles 
used. Just the determination of ERD cross sections has 
resulted in a large number of publications and the 
question is still not settled [56-59]. 

ERD is similarly more sensitive to stopping powers 
as a function of energy [60]. In NRA, the equation 
converting raw data to hydrogen concentration (eq. (2)) 
depends only on the stopping power at the resonance 
energy whereas ERD depends on stopping powers at 
all energies at which recoils occur 

Hence, NRA is easier to make quantitatively accu- 
rate both because it is easier to make the needed 
measurements accurately and because analysis of the 
date relies on fewer parameters such as cross sections 
and stopping powers as a function of energy. 


7.4. Beam damage effects 


However, accuracy can be obtained in any of these 
methods only if the hydrogen content of the sample is 
not significantly altered during a measurement. For 
many materials, hydrogen can be lost from a sample 
during ion beam irradiation. A good example is the 
measurement of the hydrogen content of a plastic such 
as polyethylene which rapidly looses a large fraction of 
its hydrogen content under beam irradiation. 

There are at least two approaches to minimize this 
problem. One is to use an analysis beam which mini- 
mizes irradiation effects, i.c. proton or helium beams 
in an ERD mode rather than high energy heavy ions in 
NRA mode. The other is to raster the analysis beam 
over a large area of the sample. While rastering is 
commonly done is NRA, it generally cannot be done in 
ERD (in glancing geometry) because of the need to 
control the scattering geometry carefully. Rastering 
can be done is ERD in a transmission geometry. 

Either of these approaches can be used effectively 
in many cases. However, in the limit of measuring a 
sample that has a low hydrogen content and that is 
sensitive to beam effects, ERD in a transmission geom- 
etry is clearly the best technique. Recoil cross sections 
are very large and in a transmission geometry, detector 
solid angles can also be very large. The principal disad- 
vantage of this approach is that it requires relatively 
thin samples. 


7.5. Sensitivity 


Sensitivity is difficult to discuss without carefully 
specifying what type of sample is being considered. 
How much beam will the sample take? (How much is 
available?) How large is the sample? Is it flat with a 
smooth surface? How much surface hydrogen does the 
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sample have? Can the surface hydrogen be cleaned 
without changing the hydrogen in the bulk? Is the 
sample available as a thin self-supporting film? 

The first point to make is that all these methods 
have sufficient signal to see ppm hydrogen and below. 
The problem of sensitivity is one of backgrounds. In 
NRA, backgrounds come from cosmic rays in the 
gamma-ray detector and while this can be reduced by 
shielding (material and electronic) it remains an impor- 
tant limit. In ERD and in some cases in NRA, the 
backgrounds come from hydrogen that is not in the 
region of analytical interest. In ERD, the sensitivity 
limit is almost always the tail of the ever present 
surface hydrogen peak. Since depth resolution in ERD 
is usually not very good (especially if the samples are 
not both flat and smooth), this is a significant problem, 
often limiting the practical sensitivity to 1 ppt or worse. 
An obvious approach is to clean sample surfaces, and 
to a point this can be done. However, at least in some 
metals, there is a dynamic equilibrium between surface 
hydrogen and bulk hydrogen. Hence, the surface can- 
not be effectively cleaned without changing the hydro- 
gen content in the bulk. 

In some situations, particularly when analyzing small 
samples, there can be a similar source of background 
in NRA. Namely, one has to be certain that the analyz- 
ing beam hits the target and only the target. One cannot 
use beam defining slits near the target because H in 
them will be a source of background. Yet if any of the 
beam misses the sample or hits the edge of the sample, 
it is likely to produce signals from hydrogen not in the 
region of analytical interest. 

Since the background in ERD is from surface con 
taminations, it would seem that if experiments were 
done with D instead of H, the background would be 
greatly reduced. This has been demonstrated [43]. Fig. 
19 shows an ERD spectrum recorded with 4 MeV He 
beam incident on a 13 pm Ni foil. The large peak is 
due to surface H contamination. The counts in the D 
region correspond to an average concentration 500 ppb 
of D in the first micron within the foil. 

It is difficult to give simple statements as to what 
method has the highest practical sensitivity. To date, 
NRA has produced more useful high sensitivity data 
than recoil. Yet recoil (using a transmission geometry 
in UHv) has demonstrated better sensitivity in ideal 
cases. 


7.6. Depth resolution 


Depth resolution is one area where NRA is gener- 
ally far superior to ERD, as commonly practiced. 
Namely, '°N NRA profiling has a depth resolution at 
the surface of a sample (Gaussian FWHM) of about 8 
nm in Si and about 3 or 4 nm in a heavy metal. It is 
limited by the Doppler broadening effect. Deeper into 
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Fig. 19. An ERD profile for D in a 13 wm Cu film measured 
in transmission geometry with a 4 MeV He beam. The counts 
in the D region correspond to an average concentration of 500 
ppb of D in the first micrometer of this film. From ref. [43] 


the target, it is limited by straggle of the nitrogen 
beam. In ERD, at least when an absorber foil is used, 
there is always straggle of the recoil protons in this foil 
which translates into poor depth resolution. ERD is 
glancing geometry also has to account for kinematic 
broadening of depth resolution. Namely, the finite 
sized detector accepts recoil protons at different scat- 
tering angles and, hence, different energies even if they 
originated at the same depth in the sample. 

In sum, depth resolution in NRA is typically several 
times better than in ERD, and, as indicated above, this 
effects the practical sensitivity of ERD. However, it 
should be emphasized that this is not a fundamental 
limitation of ERD. If a nonstraggling filter (such as 
Ross’s electromagnetic filter) [20] is used along with a 
kinematically corrected detector, ERD can also have 
very good depth resolution. A better solution would be 
to use a magnetic spectrometer which is without strag- 
gle, kinematically corrected, and capable of very good 
energy resolution [42]. 


7.7. Other comparitive reviews 


MeV ion beam analysis for H has now been prac- 
ticed for about 20 years and a number of publications 
have described different approaches and commented 
on advantages and disadvantages of particular proce- 
dures. Probably the first of these is by Bottiger, Picraux 
and Rud at the Second International Conference on 
lon Beam Analysis held in Karlsruhe in 1975 [61]. At 
the next Ion Beam Analysis Conference held in 
Georgetown in 1977, Ziegler organized a workshop on 
H analysis in connection with a round-robin compari- 
son of all the available techniques for measuring H in 
materials. The publication describing that comparison 
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is still very useful [18]. There have also been some 
single laboratory comparisons of some of these meth- 
ods. Xiong et al. made some detailed comprisons of 
both the low and high energy resonances in '°"N and 
'°F [22]. Trocellier and Engelmann made comparitive 
measurements of ’Li with other nuclear reactions [5]. 

Recently, Khabibullaev and Skorodumov have pub- 
lished a book Determination of Hydrogen in Materials 
Nuclear Reaction Methods [62]. This includes descrip- 
tions of most MeV ion beam techniques (such as those 
discussed here) as well as some nuclear methods not 
well known in the West. One potentially important 
example is the measurement of H profiles by elastic 
recoil detection induced by monoenergetic neutron 
beams. 


8. Conclusions 


Above are described a number of ways that MeV 
ion beams can be used to measure hydrogen concentra- 
tion profiles. These methods are easy to make quanti- 
tative without reference to standards and are now 
practiced in a number of laboratories around the world 
and are making substantial contributions to a wide 
variety of fields. 

The techniques fall into one of two categories: 
nuclear reaction analysis and energy recoil detection 
Depending of the needs of a particular problem, both 
of these methods have advantages. 

In good cases, ppm sensitivity and depth resolutions 
of a few nanometers are possible. However, the practi- 
cal limits achievable is dependent on the nature of the 
sample being analyzed and on the facilities available 

The development of Doppler spectroscopy to meas- 
ure how H is bound to surfaces in NRA and possibly in 
ERD provides a new and useful probe of H on sur- 
faces. 

Historically, NRA has been used in many more 
studies of hydrogen in materials. However, because of 
the wide availability of facilities for He ERD and 
because of the potential of high energy heavy ion 
ERD, this method seems to becoming more popular. 
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Microanalysis of He using charged particle accelerators 
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Accumulation of the nuclear reaction product He in fusion and fission reactor components leads to severe problems. During 
investigation of these problems, microanalysis of He in solids has special importance. The present paper will give a review of 
analytical methods, especially those based on interactions of energetic charged particles. Some of these are based on elastic 
scattering (proton elastic scattering, elastic recoil detection, scattering combined with coincidental detection of both scattered and 
recoiled ions), while others are related to nuclear reactions (i.e., *He(d, p)*He). Some other methods will also be presented (i.e., 
thermal desorption spectroscopy, VUV absorption spectroscopy, electron energy loss spectroscopy). Special attention will be paid 


to the progress made during the last 10 years 


1. Introduction 


Helium is a noble gas that is basically insoluble in 
solids. However, via natural processes such as cosmo- 
genical evolution, a decay of radioisotopes, B decay of 
tritium or exposure to solar wind, minerals contain 
different amounts of the two stable He isotopes. From 
absolute determination of these, one may draw impor- 
tant conclusions. 

In conventional fission reactors and especially in 
fast reactors neutrons generate a considerable amount 
of *He in the reactor components via (n, a) reactions. 
The a decay of fission fragments is another He source. 
The He accumulates at the grain boundaries of the 
metallic alloys causing embrittlement. 

In the seventies much work started in controlled 
nuclear fusion projects. It became obvious that the 
goal, an operating fusion reactor, could not be reached 
without solving the problems that will be faced when 
the first wall of the device will be subjected to the 
severe bombardment of different particles originating 
from the fusioning D-T plasma. Among others, a 
particles from the 


D + T ~*He (3.52 MeV) + n (14.1 MeV) (1) 


fusion reaction and thermalized He ions or neutrals of 
several keV energy will be implanted into the upper 
few um of the first wall components. Helium also will 
be produced in the bulk material as a result of (n, a) 
reactions and 6 decay of the incorporated tritium fuel. 

Extensive research was initiated to explore the phe- 
nomena that will be caused by He at different concen- 
tration levels in solids; this research drastically in- 
creased the interest towards microanalysis of He. This 


is why a lot of different He analytical methods were 
developed in those years. 

The subject has been reviewed several times [1-7]. 
The main goal of this paper is to give a wider and more 
up to date survey. Special attention will be paid to 
methods based on MeV energy charged particle beams 
or to methods that, because of their outstanding fea- 
tures, gained widespread application. We will try to 
compare the different methods on the basis of their: 
(1) performance: sensitivity, depth resolution and maxi- 
mum accessible depth; (2) versatility: the cost of the 
necessary instrumentation, the work and time that must 
be devoted to carry out an experiment and the addi- 
tional information that can be obtained from one 
measurement; (3) reliability and precision; and (4) spe- 
cial features: information about the surroundings of 
He, lattice localization, etc. 

The performance data are rather uncertain, so we 
will refer to representative values only. For example, 
the depth resolution can be improved by a factor of 10 
using glancing incidence or detection angles in the ion 
beam techniques (see e.g. [8]). This is also valid for the 
detection limits in ion beam techniques. By increasing 
the detector acceptance angle, the number of incident 
ions, or decreasing the background using different 
tricks, the detection limit can be considerably im- 
proved. The probing depth strongly depends on inci- 
dent energy and incident and/or detection angles. 

We tried to collect applications of the different 
methods as well. The reference list is not complete, 
however. For instance, the publications that are not 
easily accessible are frequently missing. We will not go 
into details, the reader can find them in the references. 
The same is valid for figures and expressions. 
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Table | 
List of acronyms of the different analytical methods 





AES Auger electron microscopy 

EELS electron energy loss spectrometry 
ERD elastic recoil detection 
ERD/EXB  ERDwith E x B filter 

ERD/F ERD with foil filter 

ERD/K ERD with kinematic separation 
ERDC elastic recoil detection in coincidence 
ERDC/A ERD with asymmetric coincidence 
ERDC/S ERD with symmetric coincidence 
GES gas emission spectrometry 

HREM high resolution electron microscopy 
LEED low energy electron diffraction 
NMR nuclear magnetic resonance 

NR neutron radiography 

NRA nuclear reaction analysis 

PA positron annihilation 

PAC perturbed angular correlation 

PES proton elastic scattering 

RBS Rutherford backscattering spectroscopy 
SANS small angle neutron scattering 
SAXS small angle X-ray scattering 

SEM scanning electron microscopy 
SIMS secondary ion mass spectrometry 
SRCS scattering recoil coincidence spectroscopy 
STM scanning tunnel microscopy 

TDS thermal desorption spectrometry 
TEM transmission electron microscopy 
VES vacuum extraction spectrometry 
VPS vibro polishing spectrometry 
VUVAS VUV absorption spectrometry 
XRRS X-ray reflection spectrometry 





The different analytical methods will be divided 
arbitrarily into two main groups: methods to detect He 
using MeV energy beams and the other ones. 

For convenience, a list of acronyms of the different 
analytical methods is included in table 1. 


2. Nonaccelerator based methods 


To give proper background to the accelerator based 
techniques, the other methods will be presented first. 
They might be divided into three subgroups: mass 
spectrometer based methods, resonance based meth- 
ods and indirect methods. We will deal only with 
methods that are primarily developed to analyze solid 
samples. It is quite probable that we were not lucky 
enough to explore all of them, but all the methods that 
were met during an extensive search in the literature 
are presented. Not only direct analytical methods are 
included, but there are some that are not really sensi- 
tive to the He gas itself, but can give information about 
its density or pressure. 


Methods like TEM or SEM that show bubbles and 
punched out dislocation loops, or the resulting macro- 
scopic surface deformations are not included here be- 
cause they do not give information on the He itself. 
The very recent methods like STM or HREM were not 
yet applied, to our best knowledge, to investigate He in 
solids, but we hope they will soon gain interesting 
applications in this field. 


2.1. Mass spectrometer based methods 


These methods use magnetic or electrostatic mass 
analysis and are able to distinguish the atomic or 
molecular ions that have masses differing by at least | 
amu (atomic mass unit). Those that only differ in a 
small fraction of amu (i.c., D, and *He) are only 
distinguishable by- more selective special devices. From 
the point of view of *He and *He, if there is no D 
contamination in the UHV (ultrahigh vacuum) cham- 
ber of the instrument, these methods are almost back- 
ground free (apart from the electronic noise). So a 
common feature of them is the relatively high sensitiv- 
ity for He isotopes. In addition, they are relatively 
inexpensive compared to accelerator based methods. 
The same instrument can also be used to analyze other 
elements. Other techniques like AES or LEED can be 
carried out in the same chamber. 


2.1.1. Secondary ion mass spectrometry (SIMS) 

In this analytical method the surface layer of the 
specimen is continuously sputtered away by a low 
(several keV) energy medium mass ion beam (typically 
Ar”). A considerable part of the sputtered atoms or 
molecular fragments is ionized (either positively or 
negatively) and, using a proper electric field, is di- 
rected into the entrance slit of the mass analyzer. 
SIMS has around a monolayer depth resolution, but, 
because the sputtering yield and the ionization proba- 
bility are strongly dependent on the chemistry at the 
sample surface, the precision and reliability of the 
quantitative results are rather poor. These can be 
improved using sophisticated theoretical models or 
standard sample series. The sample is completely de- 
stroyed at the measured spot. 

Helium and other noble gases do not form negative 
ions, and their first ionization potentials are suffi- 
ciently high to decrease positive ion formation proba- 
bility to a relatively low value. Helium has the highest 
first ionization potential in the periodic table (24.58 
eV), and is the least detectable positive atomic ion 
using SIMS. The presence of oxygen on the sputtering 
surface enhances the formation of positive secondary 
ions, sO using oxygen ion bombardment, the yield of 
positive He ions can be increased. Also, it is necessary 
to use a basically sensitive instrument. This way He 
was successfully depth profiled in Si and GaAs (see fig. 
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Fig. 1. He depth distributions in implanted Si determined by 
SIMS using oxygen ions (various energies, 10'° He /cm? flu- 
ence) [9]. 
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1) [9]. He concentrations down to ~ 20 ppm were 
measured. The depth resolution is not mentioned, but 
it has to be lower than in the case of other impurities, 
because, under the ion mixing caused by the beam, the 
insoluble He might migrate in the near surface layer. A 
depth resolution of ~ 3 nm can be assumed. 

He incorporation into Al from a low temperature 
He-H plasma was also successfully investigated by 
SIMS [10]. In this case the sputtering ion beam con- 
sisted of 7 keV Ar”* ions, so the ionization probability 
was not enhanced by the oxygen trick. Sensitivity or 
depth resolution are not reported here and cannot be 
guessed from the presented data. 


2.1.2. Gas emission spectrometry (GES) 

This technique is quite similar to SIMS. The main 
difference is that here, instead of collecting the ions 
produced in the sputtering process into the mass ana- 
lyzer, the residual gas of the vacuum chamber is moni- 
tored using a conventional mass spectrometer. No ap- 
plication of GES to He was reported. To gain some 
impression of GES we refer the work of Freeman and 
Latimer [11] where the method was applied to investi- 
gate implanted D depth profiles in Al and Au targets. 
Here the depth resolution and sensitivity were far from 
the accessible optimum. The depth resolution has to be 
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inferior to SIMS because of the finite He evacuation 
time. 


2.1.3. Vacuum extraction spectrometry (VES) 

This mass spectroscopy based method measures the 
total *He and *He content of solid (liquid) samples 
without giving any information about the depth distri- 
bution. To assure rapid release of the trapped gases 
the sample is completely melted and the residual gas of 
the vacuum chamber is monitored by a mass spectrom- 
eter (see fig. 2) [12-14]. The sensitivity might be im- 
proved by orders of magnitude applying the “static 
mode operation’, where the mass spectrometer tube is 
isolated from the vacuum system before allowing the 
extracted gas to enter it [14]. This way a detection limit 
of 0.01 ppb can be reached, that corresponds to 10” 
atoms in the case of 1 mg samples. 

VES is precise and reliable and the instrument 
might frequently be calibrated by gas puffs of well 
known quantities. 


2.1.4. Vibro polishing spectrometry (VPS) 

This is a unique method. Here the total He content 
of the samples is measured similarly to VES. The 
method is depth sensitive, however, using a special 
trick. First a whole series of practically identical sam- 
ples is produced, then, by careful vibro polishing, lay- 
ers of increasing thicknesses are removed from the 
front side of the different samples. From the difference 
in the total remaining He content one can deduce He 
concentrations at the corresponding depths. 

The performance of VPS was successfully demon- 
strated by measuring the depth distribution of a 3 x 
10'' at./em? dose of 100 keV *He* ions implanted 
into Ni (see fig. 3) [15]. The sensitivity of VPS was 
considerably improved by separating the vacuum cham- 
ber from the pumps during gas extraction and mass 
spectroscopy reaching the 10 ppb level. The minimum 
detectable amount was ~ 10" at./cm? at a depth 
resolution of ~ 10 nm. 

The total He content of a specimen might be deter- 
mined with high precision through calibration by inject- 
ing a known amount of gas as in VES. The precision of 
the thickness of the removed layer from the different 
samples might contain a considerable uncertainty, re- 
sulting in a scatter in the measured He concentrations 
at different depths. While VPS is relatively inexpen- 
sive, too much work is needed to obtain a single depth 
profile. The technique is “super destructive”, destroy- 
ing one sample for every depth profile point. 


2.1.5. Thermal desorption spectrometry (TDS) 

This method, in contrast to the other four mass 
spectrometry based methods, is widely applied in nu- 
clear reactor related research [16-31]. This is related 
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Fig. 3. Integral range profiles of He implanted into polycrys- 

talline Ni (100 keV, 3x 10'' He/cm?’) as measured by VPS 

[15]. The different points were obtained from mass spectro- 

metric measurements on samples from which layers of differ- 
ent thickness were removed by vibro polishing 


to its simplicity and the special feature of determining 
the atomic position of He in solid matrices. 

The principle of TDS is as follows. He (and also H) 
are very mobile interstitially in the matrices of most 
materials. So they can move fast until being trapped in 
different kinds of lattice imperfections. They can only 
leave the trap when having a kinetic energy large 
enough to overcome the binding energy and the poten- 
tial barrier of the trap. The necessary kinetic energy 
can be ensured by heating the sample. Continuously 
increasing the temperature, one can observe the He 
groups trapped in defect clusters of different kinds as 
abrupt increases of the He partial pressure in the 
vacuum chamber. Traps of that given kind will, how- 
ever, soon be emptied and the He release stopped. As 
a result, the He pressure decreases in accordance to 
the pumping speed. The resulting He partial pressure 
peaks are monitored with a mass spectrometer tuned 
to *He or *He, and one can clearly see which type of 
traps are present and how much He was trapped in 
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Fig. 4. Thermal desorption spectra of sub-threshold energy 
(50 eV) He — implanted Mo single crystals [30]. As the He to 
vacancy concentration ratio n increases from | to 12 He/V, 
new peaks appear. These peaks correspond to different bond 
ing energies of He to He,V,-complexes (H, G, etc. for n = 1, 


them. The principles are reviewed in more details 
ref. [21]. 

Using this method, it was possible to determine: 1) 
the He binding energies to vacancy—He clusters of 
different He and vacancy multiplicity [18—20,27,30)]; 2) 
the diffusion constant of He (e.g. [29] and a review is 
given in ref. [7]) and; 3) many other important parame- 
ters. 

This is the most effective method to investigate the 
evolution of vacancy—He clusters into bubbles and 
macroscopic surface deformations [22-24,30-31]. 

TDS is especially effective when the He atoms are 
introduced into the material without causing lattice 
damage. Two ways are frequently used: implantation 
with energies low enough to prevent even the highest 
energy recoils to be displaced from their original posi- 
tion in the lattice (“sub-threshold energy implantation”, 
see fig. 4) and the “tritium trick”. In this latter, the 
material is filled up with T. After several months aging, 
a considerable part of T transforms into “He by B-de- 
cay while the energy of the recoiled “He is not enough 
to cause any damage. This way it becomes possible to 
introduce He and damage into the sample separately 
in a well controlled way [18—20,30]. 

The sensitivity of TDS is ~ 10° at./cm? for a given 
cluster type (assumed from ref. [30]). There is no depth 
profiling possibility. The probed depth is restricted to 
~ 100 nm because of retrapping by the defects. 
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2.2. Resonance based methods 


These methods are connected to resonant energies 
or frequencies that are characteristic for He. They are 
sensitive to He, but without depth profiling. No abso- 
lute He content measurements are reported. Instead, 
the methods were applied to determine He densities in 
bubbles that are formed at relatively high He concen- 
tration levels 


2.2.1. Vacuum ultraviolet absorption spectrometry 
(VUVAS) 

This method is based on the fact that when trans- 
mitting VUV radiation through a foil containing He, 
there is a resonant absorption at energies correspond- 
ing to the 1S-2P transition in the electronic shell 
structure of He. If the He is practically free of interac- 
tions (gas, or liquid at low pressure), the absorption 
line is sharp at 21.23 eV. The pressure, and conse- 
quently the density, of He in bubbles can be rather 
high (several GPa, up to 2-3 He atom/vacancy). At 
this pressure the shell structure of the atom is dis- 
torted, and as a consequence the transition energy is 
shifted by up to 3 eV towards higher energies. This 
shift can be calculated theoretically [32-36] and a one 
to one correspondence can be given between the blue 
shift energy and the He density. Unfortunately, the 
different theories give results differing by a factor of at 
least two [36]. 

VUVAS is excellent for measuring relative He den- 
sities. There is hope that the calibration difficulties will 
soon be resolved, either with more reliable theoretical 
calculations or calibration measurements. The latter is 
not trivial because of the lack of a more reliable 
alternative method. VUVAS is widely applied to follow 
the gas bubble evolution in Al foils during implantation 
or a subsequent heating or cooling process [37,39,40]. 
The detection limit is ~ 0.1 at.%, or ~ 10" at./cm’. 
Because of absorption problems, only a few materials 
(e.g., Al) can be investigated and the thickness of the 
foil cannot exceed ~ 300 nm. To obtain monochro- 
matic VUV radiation of high enough intensity, a syn- 
chrotron radiation facility is needed. 


2.2.2. Electron energy loss spectrometry (EELS) 

This method is closely related to VUVAS. The 
energy of the same 1S-2P transition in Helium is 
determined from the energy loss spectrum of an elec- 
tron beam of ~ 100 keV energy during its penetration 
through the sample foil. The typical foil thickness is 
~ 100 nm. This method, in contrast to VUVAS is not 
restricted to Al. Because it measures the same quantity 
as VUVAS, it gives very similar experimental results 
and suffers from the same problems of calibration. It 
was applied to determine He densities in bubbles in Al 
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and Ni [33,37,40-46]. From the spectra a detection 
limit similar to that in VUVAS can be assumed. 


2.2.3. Nuclear magnetic resonance (NMR) 

In principle, the NMR spin-lattice and spin-spin 
relaxation times are directly related to the physical 
state of the resonant-spin species. The difference be- 
tween rigid and mobile atoms is dramatic, the relax- 
ation times change 2-4 orders of magnitude [47]. Ana- 
lyzing the frequency and temperature dependence of 
the relaxation times one can distinguish between wall 
interactions in microscopic gas bubbles and bulk diffu- 
sion in a solid lattice. 

Experiments made on UT, [47], LiT, TiT,, and 
UT, [48] and PdT,,, samples containing *He [49] and 
*‘He* implanted Pd [50] show that the 3He is some- 
where between the free state and the bound state, i.e., 
in bubbles of high pressure. To deduce a quantitative 
value for the gas pressure is almost impossible because 
the method is sensitive to the state of the matrix and 
local magnetic fields distort the measured relaxation 
properties. The detection limit is rather high, ~ 0.1 
at.% or ~ 10"? at./cm?. 


2.3. Indirect methods 


The common feature of these methods is that they 
do not observe the He itself; instead they are sensitive 
to the defects in the host material. If these defects are 
filled or decorated with He, the measured signal 
changes, and one can deduce information about the 
amount or density of He. 


2.3.1. Small angle X-ray scattering (SAXS) 

Small angle scattering is a diffuse elastic scattering 
with short scattering vectors. It does not appear for 
pure ideal crystals. He bubbles are imperfections in the 
crystal lattice and, since all atomic scattering ampli- 
tudes of the host matrix cannot cancel out totally, a 
diffuse scattering at small angles is observed. There are 
two reasons for this diffuse scattering. First, for each 
vacancy in the bubble, the scattering amplitude of the 
host atom is replaced by a different one. Second, the 
phases of the scattering amplitudes of all the surround- 
ing atoms are altered since both surface tension and 
He pressure displace them from their regular lattice 
positions (lattice relaxation). The magnitude of the 
elastic diffuse scattering signal is proportional to the 
bubble concentration and to the square of the scatter- 
ing amplitude per bubble. The angular distribution of 
the small angle scattering gives information on the 
distribution of bubbles (i.e., there will be bright inter- 
ference spots if the bubbles are ordered into a super- 
lattice). The lattice relaxation is not symmetrical along 
different crystal directions. This results in an asymme- 
try in the small angle scattering. The pressure inside 
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the bubbles can directly be determined from the extent 
of the asymmetry [51]. 

Using SAXS, the bubble size, bubble density and 
He gas pressure inside were determined in He irradi- 
ated Ni single crystal foils [51,52]. The lowest He 
concentration during the measurements was 0.06 at.%, 
so the detection limit has to be considerably better 
than this value, ~ 100 ppm. Because this concentration 
was produced in a 10 pm thick layer by multiple 
energy implantation, the detection limit can also be 
expressed as ~ 10'° at./cm?. 

SAXS gives a variety of information from one meas- 
urement. It is not specific to He, so impurities and 
damage might confuse the interpretation. No expensive 
instrument is needed. 


2.3.2. X-ray reflection spectrometry (XRRS) 

While He does not interact strongly with X-rays, its 
effect on the density of the material can be well traced 
with the change in the critical angle in the glancing 
angle refection of X-rays. For example, if the density of 
Au decreases 25% from its original value, the critical 
angle decreases from ~0.7° to 0.6° [53]. XRRS was 
applied to determine He density in bubbles in combi- 
nation with RBS [53]. 

XRRS is not specific to He, and voids cause the 
same effect as the He filled bubbles. The probing 
depth is 5-10 nm depending on the wavelength. 


2.3.3. Small angle neutron scattering (SANS) 

In conventional applications of SAXS and SANS 
the scattering pattern is measured to determine the 
number, size and shape of particles in the sample. A 
new application, the contrast variation method, makes 
it possible to determine the He density inside the 
bubbles [54,55]. This method is based on the fact that 
identical He bubbles can be measured in specimens of 
different contrast. This situation can be achieved for 
instance, if identical bubble distributions are created in 
Ni** and Ni™ isotope specimens whose coherent neu- 
tron scattering lengths are about one order of magni- 
tude different. By a simple theoretical approximation, 
it can be determined how the ratio of scattered intensi- 
ties from the two isotopic samples depends on the 
relative density of Ni and He [55]. SANS is rather 
sensitive to relative densities between 0.93 and 4.8 
He /vacancy, but the same intensity ratios can also be 
obtained if the real value falls out of this interval. This 
ambiguity can be avoided and the region of sensitive 
density ratio can be widened by investigating other Ni 
isotopes, as well. 

SANS requires a monoenergetic neutron beam, i.e., 
a dedicated reactor channel, and isotopic samples, 
therefore with this method routine applications are 
impossible. For the special experiments in ref. [55] 100 
ym thick Ni foils were doped uniformly with He up to 
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a 1200 ppm level. The detection limit can be assumed 
to be ~ 100 ppm, that is 10'” at./cm? 


2.3.4. Neutron radiography (NR) 

This method is based on the fact, that the absorp- 
tion cross section of *He for thermal neutrons is ex- 
tremely high (5333 b) as compared to that of T (1.7 b) 
or various metals (~ 20 b). Consequently, the neutron 
flux after penetrating a specimen strongly depend on 
its “He content. The flux can easily be monitored by 
placing a Gd converter foil — photographic film sand- 
wich behind the sample 

NR is a sensitive tool to determine *He lateral 
distribution in foil samples. Lateral resolution of 16 
um and a detection limit of 200 ppm (10"* at./cm*) 
were reported in 1 mm thick Ta samples [56]. Because 
of its high detection limit NR is not fit for ion im- 
planted samples. Wide applications on reactor compo- 
nents can be foreseen (especially related to T handling 
in fusion reactors). 


2.3.5. Positron annihilation (PA) 

Positrons after slowing down in the material easily 
become trapped by vacancy-like defects, then annihi- 
late. From the characteristics of the annihilation (life- 
time, angular correlation of the two 511 keV annihila- 
tion y-rays and their Doppler-broadening) the PA 
method gives information on the surroundings of the 
trap position. 

In the classical PA method the positrons are emit- 
ted by a radioactive source having a wide energy distri- 
bution in accordance with the principles of B-decay 
Maximum positron energies range from 0.5 to 1.5 MeV 
for various isotopes. Thus the penetration depth of the 
positrons in the sample is of the order of 100 ym, and 
correspondingly homogeneous samples of similar thick- 
nesses are needed. There is a more effective version of 
PA, however. Here the positrons are thermalized first 
in a suitable metal, and the reemitted slow positrons of 
1-2 eV energy are then accelerated to the needed 
energy. For example, the device — presented in ref. [61] 
provides a positron beam of variable energy in the 
range of 0.15-28 keV. The corresponding penetration 
depth is 0.1-1000 nm. In this way depth profiles of 
defect concentrations produced by < 50 keV He im- 
plantation can be determined [58,59,62,64]. 

There is one group claiming that they are able to 
detect He itself using variable energy PA [62]. This 
statement is based on the observation that the Doppler 
broadening-depth profiles of He implanted samples 
differ from those obtained on virgin samples even after 
annealing enough to remove all the defects from the 
sample. We are convinced that what they really see are 
the voids stabilized by the included He. The effect of 
~ 10" at./cm* (~ 10 ppm) He implantation is already 
detectable [62]. 
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In connection with He PA is frequently applied to 
investigate He-vacancy interactions and the evolution 
of He filled bubbles [57-63]. Hansen et al. [51] were 
able to determine the He density in the bubbles formed 
in Al using positron lifetime measurements. 


2.3.6. Perturbed angular correlation (PAC) 

During the radioactive decay of '''In (7, ,.=2.8 
days) two y particles are emitted with a short delay. 
Their directions are also correlated. Due to the preces- 
sion of the nucleus under the effect of the local electric 
and/or magnetic fields, the direction of the second 
emitted y also rotates with the precession frequency. If 
one uses the detection of the first and second y as start 
and stop signals for a time to amplitude converter, the 
precession frequency will appear in the collected inten- 
sity versus delay-time spectrum as a weak oscillation. 
The frequency is characteristic of the defect structure 
at the position of the probe nucleus. From the fre- 
quency distribution one can deduce which type of 
defects are trapped at the probe nucleus and with what 
probability. In the case of He implanted samples, cap- 
tured vacancies, He atoms and He—vacancy complexes 
will appear. By implanting He and '''In to different 
depths, PAC becomes a powerful way to investigate He 
diffusion and the early stages of bubble nucleation 
[65-70]. In this latter case, however, the effect of the 
probe nucleus itself cannot be ignored. 

The detection limit is probably better than 10" 


at./em~. Special accelerators and implanters are 
needed to produce and implant '''In. 


3. Methods using MeV ion beams 


These methods require expensive MeV energy ac- 
celerators. They have widespread applications, how- 
ever, because the same accelerator can be used to solve 
a lot of other scientific and technological problems. A 
variety of accelerator based analytical methods can be 
applied simultaneously or in succession to the same 
sample. These methods are nondestructive in the sense 
that the samples maintain their integrity during the 
analysis. The damage caused by high energy ions can- 
not be neglected in some cases. Because most features 
of these techniques are encountered in the simplest 
elastic scattering methods, we will detail them there. 


3.1. Elastic scattering based methods 


In principle all the following methods except NRA 
are based on the elastic scattering of probing ions from 
the atomic nuclei of the target. We will divide these 
methods into three different groups, however, of in- 
creasing experimental complication: RBS /PES, ERD, 
and coincidence techniques. 
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All these methods are based on the following princi- 
ples. Because of energy and momentum conservation 
laws, the energy of both the scattered and the recoiled 
particles is strictly determined by the energy of the 
incident ion, the scattering/recoil angles and the 
masses of the ion and recoiling atom. In most of the 
experimental setups, surface barrier or ion implanted 
solid state detectors of ~ 10 keV energy resolution are 
used to determine the energy spectra of the scattered 
and /or recoiled particles. Additional filters (foils, elec- 
trostatic and magnetic fields, etc.), if applied, will be 
mentioned at the given technique. The peaks in the 
energy spectra appearing at energies corresponding to 
the atoms of different masses in the target are used to 
determine the elemental (in some cases also isotopic) 
composition of the sample. The energy separation of 
neighboring masses (AE/AM) is determined by the 
scattering kinematics. The peak area depends on the 
amount of the given element or isotope, on the experi- 
mental parameters, and on the cross section. 

If the sample is thick, both the incident ion and the 
scattered atom will loose energy. As a result, the peaks 
will be distributed toward smaller energies correspond- 
ing to the depth distributions of the given elements. In 
this case the spectrum height corresponding to a spe- 
cific depth will be determined by the concentration of 
the given atom and the stopping power of the target 
there. The energy loss rate (the stopping power) is 
relatively well known for the cases of interest, so it is 
possible to restore, from the measured energy spec- 
trum, depth profiles. Sophisticated computer codes are 
now available to speed up the evaluation. 

It is worth noting that the signal corresponding to a 
given element is smeared in energy because of the 
detector resolution, the variations in the scattering 
angle corresponding to the finite beam spot and detec- 
tor solid angle (geometrical contribution). Due to the 
statistical character of the stopping processes (energy 
straggling) and multiple scattering of both incident and 
scattered or recoiled ions in the sample, there is a 
further energy spread contribution in the signals corre- 
sponding to greater depths. If there is a filter foil (i.e. 
ERD /F) the energy straggling, multiple scattering in 
the foil and the inhomogeneity of the foil thickness 
give other contributions. These processes together with 
AE/AM and the stopping powers determine the mass 
and depth resolutions of the different methods. As an 
example, one can find a detailed analysis on depth 
resolution of ERD /F in ref. [8]. 

Only typical energies and types of incident ions will 
be mentioned in sections 3.1., 3.2 and 3.3. because they 
can be almost freely changed to have the best experi- 
mental parameters for a given analytical problem. The 
limitations are as follows: 

(1) The maximum energy is determined first of all by 
the accelerator itself. Another limit is the appear- 


ance of unwanted non-Rutherford cross sections, 
resonances and nuclear reactions. In some cases 
the depth resolution needed also limits the energy. 
The minimum energy is determined by the detector 
system (filters, detector and electronics) and the 
need to separate the different constituents in the 
sample. 

The incident and detection angles can be perpen- 
dicular at most. Glancing angles may increase the 
depth resolution and detection limit in the at./cm?* 
sense. The surface roughness of the sample and the 
multiple scattering contribution for higher depths, 
however, limit these parameters. When glancing 
incidence is used, narrow beam shape and little 
distance between the final beam defining aperture 
and the sample are crucial and the conventional 
current integration methods fail in determining the 
number of incident ions. Possible solutions are 
given in ref. [71]. The angles are finally determined 
by the necessary depth resolution and accessible 
depth. 

Almost the same considerations can be applied for 

NRA; the differences will be detailed there. 


3.1.1. Rutherford backscattering (RBS) 

This is the most straightforward method in the case 
of heavy impurities in a lighter substrate. The ions 
scattered in the backward directions are detected. The 
most frequently used ion is the 2 MeV *He*. In this 
case the cross sections are determined by the Ruther- 
ford formula, resulting in a relatively simple and reli- 
able evaluation. RBS fails to detect He, because the 
ions cannot backscatter from atoms having masses 
smaller or equal to the incident ion. 

It is not hopeless, however, to apply RBS to indi- 
cate He. In the spectrum corresponding to the host 
material, a yield loss due to the He content of the 
sample will appear. This is caused by the increased 
stopping power related to the same amount of host 
atoms (see fig. 5). 

RBS is not specific to He; other light impurities can 
cause the same yield loss. The detection limit is ~ 10 
at.%; the depth resolution is about 10 nm. The probing 
depth is in the 4m range, and it can be enhanced by a 
factor of ~ 4 using H ions instead of He. In spite of its 
weak performance, the method is frequently applied 
[53,72-74]. 


3.1.2. Proton elastic scattering (PES) 

Protons can backscatter from heavier isotopes like 
D, T, *He and *He. For thick samples, however, the 
He signal will appear on the top of a relatively high 
background corresponding to the protons backscat- 
tered from the deeper regions of the host material. 
Fortunately the cross sections for He isotopes are more 
than two orders of magnitude higher than the Ruther- 
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ford value [4,75-79]. The background in most cases is 
smooth, because the occasional resonances in the scat- 
tering cross section of the host material components 
are smeared out by multiple scattering and straggling 
(the same energy corresponds to much deeper regions 
for heavier elements than that for He). This way a 
detection limit of ~ 1 at.% can be reached with 2-4 
MeV energy protons [25,26,78,80,90]. The depth reso- 
lution is ~ 100 nm while depths up to ~ 5 ym can be 
probed. 

The detection limit can be improved by a factor of 
~ 10 using thin foil samples and an effective beam trap 
behind the sample (the background will be diminished) 
[38—41,43,91-—95]. The methed is rather simple and its 
performance is good enough to investigate He migra- 
tion and escape at higher concentration levels (c.g., 
during macroscopic surface deformations, see figs. 6 
and 7). 


3.2. Elastic recoil detection (ERD) 


The problem that the probing ion cannot backscat- 
ter from atoms having the same or lighter mass than 
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itself can be resolved by detecting the recoiled atoms 
These atoms recoil to forward directions, so it is obvi- 
Ous to use a transmission geometry in case of thin foil 
samples. Thick samples can also be profiled using 
grazing incident and detection angles. However, the 
forward scattered beam ions give rise to an inadmissi- 
ble background when detected. The irradiation dam- 
age that is caused by these particles in the detector has 
to be also minimized. This is why at least one of the 
different filter techniques are always used with ERD 
For simultaneous detection of the heavy constituents 
ERD is almost always combined with other techniques 
(i.e. RBS) 


3.2.1. ERD with foil filter (ERD / F) 

In this case the incident ions have higher atomic 
numbers than the atoms to be analyzed. The scattered 
ions and the recoiled heavy target atoms are com- 
pletely stopped in a filter foil of proper thickness 
placed in front of the detector. The light recoils have 
smaller energy than the scattered ions, but, because 
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Fig. 5. Energy spectrum of d, a and p particles from elastic backscattering (RBS), *He(d, a) and *He(d, p) reactions [73]. The Nb 

target was first implanted with 15 keV *He up to a fluence of 10" ‘He /cm?, then analyzed with 500 keV d ions (sample tilt 12°, 

scattering angle 93°). The He depth profile can be determined from either the RBS yield loss or the a and/or p energy 
distributions. 


Il. REVIEW PAPERS 





92 F. Paszti / Microanalysis of He using charged particle accelerators 


their stopping power in the foil is considerably smaller, 
they can still get through the foil [96]. This way a 
backgroundless detection of high sensitivity can be 
performed. The price is that the filter foil will decrease 
the depth and mass resolutions and the maximum 
probing depth. Another problem is that light recoils of 
different masses can have the same energy after leav- 
ing the foil: the lighter ones have a small energy 
because of kinematics, the heavier ones because they 
loose more energy in the foil. 

In case of He, the probing ions must have an atomic 
number of 6 or higher. A widely applied method uses 
ions of atomic number around 17 and energy of several 
10 MeV (from a tandem accelerator). In this case all 
the light elements up to oxygen or beyond can be 
detected (see fig. 8) [6,96-101]. The reported depth 
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resolutions are about 30 nm; the probing depth is a few 
um. The detection limit is 0.1 at.%, 10° at. /cm?. 

ERD/F can be used even with Van de Graaff 
accelerators. ERD /F measurements were carried out 
using 8 MeV '°O ions (see fig. 9) [102]. In this case the 
depth resolution for He is 20 nm and the probing 
depth is 150 nm. According to our calculations, with 
2.5 MeV '*C ions a probing depth of ~ 20 nm can be 
reached. 


3.2.2. ERD with kinematic separation (ERD / K) 

There is an elegant way to avoid the use of the filter 
foil. In the collisions of heavy projectiles on lighter 
substrate atoms, there is a maximum scattering angle 
equal, e.g., to 15° for “Cl atoms on "Be. If the 
detector is placed at a scattering angle higher than this 
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Fig. 6. Proton elastic scattering spectra of 2 MeV *He implanted Fe 32 Ni4gCr,4P).B, samples (tilt 0°, scattering angle 165°, incident 
p energy 4250 keV) [85]. The fluences were 0 (1), 6x 10'’ (2, 3) and 2.34 x 10'* *He /cm? (4, 5). Peaks around 1200 and 1500 keV 
correspond to implanted and near-surface He, respectively. This latter appears when the layer above the implanted He flakes off 
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limit, for that substrate no scattered ions can reach it, 
thus eliminating the greatest part of the background 


The recoiled substrate atoms will still be detected, so 


the method is not background free. 

The idea and its experimental application can be 
found in [103] (see fig. 10). Here a 30 MeV “Cl beam 
was applied to detect He in Be. Approximately 10 nm 
depth resolution at a depth of ~ 100 nm and a sensitiv- 
ity of 10'° at./cm* were obtained. The maximum prob- 
ing depth is ~2 wm. The main disadvantage of 
ERD/K is that it can work only on light substrates 
The background of the substrate recoils can be filtered 
out by a suitable foil, but in this case we get back to the 
ERD /F case. 


3.2.3. ERD with E X B filter (ERD / E X B) 

There is another way to avoid the use of the filter 
foil. In this case an E x B filter is mounted in front of 
the detector. This filter consists of an entrance slit, 
placed in a position where the detector aperture would 
be in the case of the conventional ERD/F method, 


followed by a zone where a constant magnetic field 
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deflects the entering ions into one direction and a 
variable electric field deflects them into the opposite 
direction. In this way, at the end of this zone the ions 
for which the electric field was tuned will pass at nearly 
the same angle of deflection independently of their 
energy. The detector is placed at this deflection angle 
behind another aperture. With proper adjustment of 
the electric field and the detector position one can 
achieve background-free detection for the selected ion 
[104-106]. It is natural that the incident ions must be 
different from the atoms to be analyzed (i.e., *He* 
ions for *He and vice versa). 

There is a problem, however. Not all the recoiled 
atoms will have the selected charge state. There will be 
*He", *He* and *He** particles for instance. The 
solution is to choose the ion fraction of highest proba- 
bility and make a correction to take into consideration 
the undetected fractions. Charge fraction measure- 
ments are reported in ref. [107] 

ERD /E x B can be applied even at sub-MeV ener- 
gies. The first applications were made with 0.35 MeV 
energy *He* ions (see figs. 11 and 12) [104-106]. 
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Fig. 7. Proton elastic scattering spectrum of a 5 ~m Al foil covered Si sample [88]. The double peaked He distribution indicates 
that a part of the implanted gas escaped from the Al cover foil but not from the Si. The most important experimental conditions 
are inserted 
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Approximately 10 nm depth resolution and ~ | at.% 
detection limit was reported. The probing depth was 
found to be ~ 100 nm for H in the given case. 

The method is very promising. The detection limit 
and maximum probing depth can easily be improved an 
order of magnitude by using a smaller distance be 
tween the target and the entrance aperture and higher 
incident energy than those in the original works. Sepa- 
rate measurements are needed for all different atoms 


3.3. Elastic recoil detection in coincidence (ERDC) 


In these methods the scattered ions and the recoils 
are detected in coincidence. This way the background 
is almost completely eliminated and excellent detection 
limits can be reached. These methods can be applied 
to thin foils only. More complicated electronics are 
needed than in the case of other ion beam techniques 
and the detectors are not protected against radiation 
damage. These are the common drawbacks of these 
methods. 


3.3.1. Symmetric coincidence (ERDC / S) 
This is the simplest ERDC technique. In this case 
the two detectors are placed symmetrically at 45 
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scattering angles. This way only the recoils having the 
same mass as the incident ions will be detected. The 
two detected energies are summed to improve the 
resolution. ERDC/S was applied for H [108-111] and 
*He [60,112] detection (see fig. 13). 0.5—-17 MeV energy 
protons and 18-70 MeV He ions were applied. The 
high energy is crucial when analyzing thicker foils 

A common problem of these measurements is that, 
after the scattering event, a second scattering of either 
the recoil or the scattered ion will defeat the coinci- 
dence. As a result, for increasing depths (measured 
from the backside of the foil) an increasing multiple 
scattering correction has to be applied during the eval- 
uation of the spectra. Because this correction has a 
strong dependence on the target material, the preci- 
sion and reliability of the measurements is good only 
for small depths. A second measurement of the same 
sample from the other side may significantly improve 
this situation 

Approximately | ppm detection limits and ~ 0.1 
wm depth resolutions are reported. The maximum 
probing depth is determined by multiple scattering; it 
is ~ 5 um for 18 MeV *He*. ERDC/S can be applied 
also at small Van de Graaff accelerators, but in this 
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Fig. 8. Transmission ERD /F spectrum of a 7x 10'’ *He/cm? 25 keV implanted Cu foil (30 MeV *C1 ions, 10 wm Mylar filter foil) 
[96]. The He depth distribution is double peaked because of He reemission during blister formation 
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MeV '°O ions, 75° tilt, 30° scattering angles, 2.2 um Havar 
filter foil) [102] 


case the foil thickness has to be much smaller (just a 
few tenths of um) 


3.3.2. Asymmetric coincidence (ERDC / A) 

This is an extension of ERDC/S for recoils of 
masses different from that of the incident ions. In this 
case the scattered ions are detected near 90° scatter- 
ing angle. Moving the other detector through the dif- 


ferent scattering angles, the whole mass spectrum of 
recoils can be scanned (at higher masses the mass 
discrimination is rather poor). ERDC/A was applied 
to detect *C, °C, "°O and *’Al with 30 Mev a parti- 
cles [113] and '°O and “Mg as well as “*K and ™Cu 
using 15-20 MeV oxygen and 40 MeV chlorine ions, 
respectively [114]. 

The performance of ERDC/A for He isotopes 
would be similar to the ERDC/S case 


> 


3.3.3. Scattering recoil coincidence spectroscopy (SRCS) 

SRCS is the most sophisticated ERDC technique 
Its principles are presented in ref. [115], while a real 
experiment with 2 MeV *He* ions to detect B, C, O 
and Si atoms can be found in [116] (see fig. 14) 

The basic idea of SRCS is as follows. If one does 
not sum the two measured energics or use only one of 
them as in the case of the other two ERDC techniques, 
but instead collects into a two dimensional array (as in 
the case of AE/E telescopes), the solid angle of the 
detectors can be increased a thousand times (i.c., two 
ring detectors covering different scattering angle re- 
gions). In this case the recoils of different masses will 
be represented in the two dimensional spectrum as 
separated groups that extend along different curves 
corresponding to depth distributions in the sample 
These groups will be widened due to the different 
scattering angles, but this can be handled with a suit- 
able data evaluation step based on the kinematics and 
knowledge of the stopping process. Of course, the 
recoil must be identified first. The groups will be 
smeared out due to other contributions like multiple 
scattering, straggling, etc. which then define the resolu 
tion of the method 

The detection limits seem to be even better than in 
the case of other ERDC methods. But this is not the 
case; to prevent accidental coincidences the counting 
rate cannot be higher than the one for the other two 
methods. The sensitivity can really be increased if the 
beam current is as large as permitted by the accelera- 
tor or the heating of the foil. SRCS is superior to the 
other methods due to its smaller radiation damage 
The data evaluation is however rather complicated 


3.4. Nuclear reaction analysis (NRA) 


Let us denote a general nuclear reaction as 
A(a, b,b,b, )B. ) 


The nucleus A is bombarded with the projectile a, and 
as a result, after emission of particles b,, b,, b,, 
nucleus B will be formed. After the reaction the total 
kinetic energy differs from the original value with a 
well known energy Q characteristic of the different 
nuclear reactions. 
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Fig. 10. ERD /K spectrum of 30 MeV *°ClI ions from a 20 keV 2.7 10'’ He /cm? implanted Be foil [103]. No filter foil is needed, 


because the heavy “°Cl cannot scatter into 30° from the light sample constituents 


The principle of NRA is that if the specimen con- 
taining A is bombarded with a projectiles of suitable 
energy, reaction (2) takes place with a known cross 
section and via detection of one (or more) of the 


4He*350 keV 


25° 





Berylium 


emitted b particles, the A content of the specimen can 
be determined. For NRA a is an ion (most frequently 
p, d, *He) that can be accelerated to the desired energy 
with an accelerator. The detected b particle is also an 
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Fig. 11. Schematic diagram of ERD/E x B method [104] 
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H, D, *He and *He depth profiles obtained by 
ERD/E x B (1 keV implants into Be) [104] 


ion (p, d, t, “He, a, etc.) in the case of charged particle 
reactions. 

NRA can also be used for depth profiling. The two 
basic ways are the energy distribution method and the 
resonance method. The energy distribution method can 
easily be applied in the case of charged particle reac- 
tions. This is completely similar to methods based on 
elastic scattering, with the only exception that the 
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Fig. 13. ERDC/S spectra of 33 ym thick V foils containing 64 
ppm He peak concentration [60]. The arrows identify the 
front and back surfaces of the foils. 
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Fig. 14. SRCS spectrum of a < 2 ym thick polycarbonate foil 

[116]. The coincidence counts are plotted from two different 

view points (a, b) as a function of the energy of scattered *He 

and the recoiled light elements (2 MeV incident energy, 70 

scattering, 50° recoil angles). The method can be adapted to 
He depth profiling as well 


kinematics is a bit different due to the Q value of the 
reaction. As a result, one can determine the depth 
profile of A in the sample simply from the energy 
distribution of b or the recoiled B. In the resonance 
method, there is a sharp resonance in the cross section 
at energy E,. The projectiles originally have an energy 
E>E, and the reaction will take place with a high 
cross section only at the depth where the projectiles 
are slowed down to E,. This means that each value of 
E is characteristic of a particular depth. By varying E, 
the depth profile of A can be mapped. This is the only 
depth profiling method if the detected particle b is y 
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or n. (It is difficult to measure the energy spectrum of 
neutrons). 

We will include here also a neutron induced nuclear 
reaction based He profiling method. The reason is that 
the technique is very similar to the energy distribution 
methods; only neutrons are used instead of charged 
particles. As a result, only the energy loss of the 
emitted charged particle has to be taken into consider- 
ation when the energy-depth relation is determined. 


3.4.1. 7He(d, a)H 

The *He(d, «JH NRA method is based on small 
Van de Graaff has outstanding 
performances but it cannot be applied for *He detec- 
tion, and cannot easily be combined with other meth- 


accelerators. It 


ods. 

Perhaps, this is the only NRA method that is widely 
known in He analysis. The method is the reciprocal of 
the also frequently used D profiling NRA method 
based on the D(@He, a)H. *He(d, a)H has another 
peculiarity. Both reaction products are light charged 
particles, and as a result they are alternatively used for 
NRA (see fig. 5). This is why the reaction is also called 
*He(d, p)*He. The label used depends on which parti- 
cle is evaluated from the measured spectra. 

If protons are detected, higher probing depths can 
be obtained. This is especially true if one uses it as a 
resonance method [117-119], based on the fact, that 
there is a wide (FWHM = 350 keV) resonance around 
430 keV in the cross section (see fig. 15) [117,119,120 
125]. In this case the probing depth is ~ 10 um with a 
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poor depth resolution of ~ | um. The detection limit 
10 ppm [119]. *He(d, a)H is 
frequently used to determine only the total amount of 
near surface *“He without any depth profiling 
[89,110,126,127]. If the energy distribution method is 
applied, 0.1 wm depth resolution, ~4 pm probing 
depth and ~ 100 ppm detection limit can be achieved 
[128]. 

If one 


is assumed to be ~ 


detects the a _ particles [ 
89,126,127,129-138], due to their much higher stopping 
power, the depth resolution is much better: ~ 10 nm 
that can be improved down to ~2 nm by glancing 
detection angles (see fig. 16) [132]. The probing depth 
is ~ | wm. The detection limit is normally ~ 100 ppm. 
One can eliminate, however, the different background 
contributions: (1) protons from (d, p) reactions of other 
light impurities by a thin effective detector thickness 
(~ 5 V detector voltage); (2) a particles from interfer- 
ing (d, a) reactions on N and O with a well chosen 
scattering angle (~ 70° ); (3) pile up counts from the 
intense low energy scattered deuterons with a filter foil 
(4 um Mylar). 

Applying all these precautions, together with a large 
detector solid angle, 10 ppm detection limit was 
achieved (compare figs. 17 and 18) [1 ]. The depth 
resolution in this case was only 50 nm. 

In principle, all the MeV energy ion beam based 
methods can be used to determine lattice location by 
channeling measurements. This is especially useful, if 
the detection limit is low enough (< 0.1 at.%), because 
in this case the He is not yet accumulated into big 
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Fig. 15. “He depth distribution determined by the *He(d, p) resonance depth profiling method. The Nb sample was implanted first 
with 1 and 2 MeV *He ions (2x 10'® *He/cm? each) then measured at 75° tilt angle (dots and solid line) [117]. Dashed lines 
indicate theoretical depth distributions corresponding to the two implantations. 
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Fig. 16. Grazing detection angle (6° to the surface) “He(d, a) 

nuclear reaction spectrum taken on a 1.5 keV (6x10" 

‘He/cm? random) and 15 keV (1.5x10'’ *He/cm* (100)) 
implanted Nb single crystal [132] 


bubbles. To our knowledge, the only channeling meas- 
urement made was based on the *He(d, aJH NRA 
method (see fig. 19) [136]. We do not want to go too 
deeply into a description of the channeling technique 
The very basic principle of it is that when a single 
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detector bias, 70° scattering angle) for “He(d, a) depth profil- 
ing technique (500 keV incident d energy, 200 keV “He 
implanted Fe target) [135] 


crystal is oriented with respect to the ion beam, so that 
the direction of the ions coincide with an axis or plane 
of the crystal of low Miller index, the positively charged 
ions will be trapped into the “channels” that are sur- 
rounded by the rows or planes of the positively charged 
nuclei of the matrix atoms. This way the ions can 
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Fig. 17. Energy spectrum showing some of the possible background contributions in *He(d, a) reaction measurements [1] 
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penetrate almost without interactions (i.e., nuclear re- 
actions) with the nuclei that are inside these rows or 
planes. The interaction probability with atoms that are 
inside the channels depends on their relative displace- 
ment from the center of the channels and the precision 
of the alignment. By increasing the misalignment be- 
tween the beam direction and the crystal axis or plane, 
the ions moving through the channels will reach atoms 
with higher and higher displacements from the center 
of the channel. Observing the reaction yield as a func- 
tion of incident angle around the different axes and 
planes, it is possible to determine the lattice localiza- 
tion of the investigated atoms with a precision of 
~ 0.01 nm. 


3.4.2. *He(n, p)T 

This is the second NRA method that is applied in 
practice to detect He (see fig. 20) [72,139-143]. This 
again, like *He(d, a)H, is sensitive only for “He. The 
specimen is irradiated with thermal neutrons from a 
nuclear reactor (10° n/cm? s). The neutrons produce 
protons all having the same energy (580 keV) 
independently of depth, but as the protons leave the 
sample, their energy is decreased corresponding to the 
stopping process. 

Approximately 10 nm depth resolution can be 
reached when optimizing the detection angle [140]. 
The maximum probing depth is ~2 ym. The cross 
section is very high (5327 b) and a detection limit of 10 
ppm (10'' at. /cm?) can be reached. (n, p) reactions on 
other light elements (Li, Be, B, Na, N, O, S and Cl) 
give a background. 

*He(n, p)T can be applied for lattice localization 
[140] due to its high sensitivity and practically damage- 
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less depth profiling characteristic. In this case, how- 
ever, the channeling method cannot work (there are no 
channels for neutral neutrons). Instead, its reciprocal, 
the blocking method, has to be applied. This is based 
on the fact that the atomic rows and planes deflect the 
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emitted charged particles if they originate inside them 
and are emitted in a direction close to them. As a 
result, there will be forbidden directions for the emit- 
ted particles (“blocking pattern”). Blocking experi- 
ments would need position sensitive detectors and sev 
eral weeks measurement time. 


3.4.3. *Hel(?C, ay)"C 

This method was developed to measure the local 
density around *He atoms by the Doppler-shift attenu- 
ation method [144-146]. The principle is the following 
The excited ''C* isomer produced by the *He 
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Fig. 21. Doppler-shift broadened y lines from the 
*‘He('*C, ay) reaction for various target materials (incident 
energy 39 MeV) [145]. 
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Fig. 22. He depth profile determined by the *He('°B, n) 
resonant nuclear reaction method [2] 


(°C, a)''C* reaction is recoiled; as a consequence the 
y line emitted by it will be broadened by the Doppler- 
shift. The broadening depends on the mean energy of 
the recoil at the moment of the y emission. Because 
the mean lifetime of ''C* is just a few fs, they cannot 
slow down completely before the y emission, their 
average speed will depend on the stopping power of 
the surrounding material. Because this latter is deter- 
mined by the density of the material, there is a corre- 
spondence between the density and the width of the 
observed y line. Its peculiarity is that the density is 
measured directly in the implanted layer (see fig. 21). 

Otherwise the reaction is not very convenient for 
‘He depth profiling, because the impinging ions must 
have 39 MeV energy (a big tandem machine is in- 
volved), and the sensitivity is rather low (~ 2 x 10"° 
at. /cm”). 


3.4.4. *He("°B, n)°N 

This method seems to be not directly published. We 
were able to find references on it as “to be published” 
only [1,2]. This is a resonance method using 3.5-5.0 
MeV energy '’B beam (the resonance energy is 3.77 
MeV). The detected particle is the ~ 3 MeV energy n, 
the depth-resolution is ~ 60 nm and the maximum 
probing depth is ~ 1 um (see fig. 22). A detection 
limit of 1 at.% was reached. If one compares the 
difficulties with the performance, it is clear that it 
cannot compete with the elastic scattering methods 


3.4.5. *He(’Li, y)""B 

The method was invented in 1978 [147], but it seems 
to be never applied in practice. This is a resonant 
reaction at 1.68 MeV ’Li energy producing 4.83 and 
4.44 MeV energy y lines. There is a weaker resonance 
in the cross section at 1.44 MeV producing y lines of 
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Table 2 

Methods to determine the amount, depth profile and microscopic surroundings of He iso 
the others are as follows: instr. (instrument), det. (detection), at. fra. (atomic fraction), f 
(microstructure), appl. (application), destr. (destruction), R (resonance method), E (en 
(synchrotron), isotope (isotope producing facility), VdG (Van de Graaff accelerator), com 
refl. (reflection) and ann. annihilation. Detection limit values in brackets are assumed 

energies given with more than | digit precision); they are mentioned for orientation onl 


Method 


Reaction 


I sputt 

I sputt 
melting 
polishing 
annealing 
VUV abs 
Hele,e ) 
resonance 
X scatt 

X refl 

n scatt 
*‘He(n, -) 
e” ann 


y emission 
He(l, ID 
He(p, p) 
He(Cl, Cl) 
He(O, O) 
He(C, C) 
He(Cl, Cl) 
He(I, I) 
He(He, He) 


He(I, I) 


*He(d, p) 
*He(d, a) 


*He(n, p) 


Energy 


20 ke\ 
20 keV 


20 eV 
100 keV 


10 keV 
10 keV 
A 0.635 nm 
thermal 
0.1-—30 keV 
0-1.5 MeV 


0.5—3 MeV 
2-4 MeV 


30 MeV 
8 MeV 

2.5 MeV 
30 MeV 


350 keV 


5-70 MeV 


thermal 


*He('*C, ay) 39 MeV 


*He('’B, n) 
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> 3.77 MeV 
> 1.68 MeV 
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reactor 


isotope 
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tandem 
VdG 

tandem 


VdG 


tandem 


reactor 
tandem 


Det. limit 
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(i0~') 10° 
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le isotopes in solids. The abbreviations of the names of the methods can be found in table | 
on), res. (resolution), max. depth (maximum probing depth), thick. (thickness), microstruct 
E (energy distribution method), | (ion), ~ (possible or it was tried a few times), synchr 
), compl. (complete destruction), cont. (contamination), sputt. (sputtering), scatt. (scattering) 
med from the other type of detection limit. The values are uncertain (except the incident 
n only 
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Fig. 23. y spectrum accumulated using the *He(’Li, y) reaction (gas target, 2.6 MeV incident ’Li energy) [147] 


very similar energy (4.75 and 4.44 MeV). So one has to 
choose either to detect all the y lines together with a 
high sensitivity detector and do an unfolding, or to 
detect the 4.83 MeV energy line separately with a high 
resolution (and low sensitivity) detector. Both solutions 
were presented and compared in ref. [147]. The depth 
resolution and probing depth are 30 nm and a few pm, 
respectively. The detection limit is ~ 1 at.%. C, Li and 
B impurities in the specimen can adversely affect the 
detectability. Similarly to the previous reaction, this is 
also not competitive with the elastic scattering based 
methods. 


4. Conclusions 


There is a great variety of methods that are able to 
determine the amount, the depth profile and the mi- 
croscopic surroundings of He isotopes in the solids. To 
make their comparison more convenient they, together 


with their most important features, are listed in table 
. 
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Analysis of lithium by ion beam methods 


J. Raisanen 


Accelerator Laboratory, Department of Physics, University of Helsinki, 00170 Helsinki, Finland 


Analysis methods of lithium based on charged particle bombardment are reviewed. Special interest is paid to the parameters 
related to experimental arrangements and to the results obtained under the experimental conditions. The applicability of the 
methods in various fields is surveyed. The ion beam methods are compared with various other physical and chemical analysis 


methods used for Li detection 


1. Introduction 


Lithium consists naturally of two stable isotopes; 
°Li (6.43%) and ’Li (93.57%). Lithium isotopes are of 
interest from the viewpoint of astrophysics, geochem- 
istry and cosmochemistry. Perhaps lithium may be used 
as a fusion reactor first blanket material. It is also a 
common element in optical waveguide and fiber optic 
materials. Furthermore, Al—Li base alloys have many 
potential applications, particularly in the aerospace 
industry, because of their high strength-to-weight ratio 
On the other hand, lithium is a therapeutic agent for 
manic-depressive illnesses. The clinical aim of the ther- 
apy is maintenance of blood concentration levels within 
the range 6-7 pg/ml. For these determinations accu- 
rate analysis methods are needed. 

A number of nuclear techniques are known for the 
determination of lithium. In the present review the 
accelerator based techniques are surveyed first, then 
neutron induced methods, and last, some other analyti- 
cal techniques are summarized for comparison. The 
methods are briefly introduced and typical applications 
are given. Exact numbers describing the usability of the 
methods was of special interest. The literature was 
surveyed by a computer code search with the main 
interest being in the literature published after 1980 
The important data concerning the methods and appli- 
cations is summarized in tables. Finally a general com- 
parison of the methods is given. 


2. Charged particle accelerator based methods 


In selecting the analysis method the highest possible 
sensitivity is required to ensure reasonable measuring 
time. Also possible interference should be kept at a 
minimum. Sensitivity may be optimized by selecting a 
nuclear reaction with a high cross reaction and by 


maximizing the beam current. By passing the particle 
beam through a thin exit foil into gas at atmospheric 
pressure the measurement capabilities of the methods 
are increased considerably (these are referred to as 
external beam studies in this review). In the following 
the methods are divided into prompt and activation 
method groups. 


2.1. Prompt methods 


The best known accelerator based prompt methods 
for elemental analysis are particle induced X-ray emis- 
sion (PIXE), nuclear reaction analysis (NRA), Ruther- 
ford backscattering spectrometry (RBS) and elastic re- 
coil detection analysis (ERDA). Of these methods 
PIXE and RBS are not useful in practical Li analyses 
Proton induced reaction analysis is discussed sepa- 
rately from other ion induced reactions as protons are 
used most frequently. 


2.1.1. Proton induced reactions 

The proton induced reactions used for Li analysis 
are based either on prompt gamma ray or charged 
particle emission. 


2.1.1.1. Proton induced gamma ray emission. In proton 
induced gamma-ray emission (PIGE) the prompt 
gamma rays from various reactions are detected during 
the irradiation. The reaction ’Li(p, p’y)(E, = 478 keV) 
is most frequently used and yields the best sensitivity. 
Due to the short lifetime of the deexciting state and 
the high recoil of the light nucleus, a clear Doppler 
broadening occurs in the 478 keV peak [1]. The reac- 
tion ’Li(p, y) may be used for depth profiling of 
lithium. The information found in the literature is 
collected in table 1. Courel et al. [2] have compared 
microbeam and macrobeam analyses of light elements 
in minerals and glasses (see table 1). Boni et al. have 
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used the (p, p’y) reaction in many studies [3-6]. Dif- 
ferential cross section data for the reaction ’Li(p, p’y), 
which are essential in the analysis of samples of thin 
and intermediate thicknesses, have been provided. The 


Table 1 
method 


Rican Sample 


[min] 


energy 
[MeV] 


Li(p, 
a ' : 
l 2 . organic 


40 geological 


rock + 10%C 


15 vesicles on 


qg=i1mC 


Nuclepore filter 
rock + 10%C 
tree rings 


drill cores 


thin fly ash 
thin coal 
thick fly ash 
thick coal 
thin particu 


q=60 nC 


q = 60 uC 
late matter 
Li, Ni,_, thin film 
5-100 coal 
q = 100 nC fly ash 
rock 
2 pA/mm? 
2x10 
pA mm? 
L. 150 
1.2 100 
'Li(p, y)*Be Q=173 
MeV * 
14.7 MeV 
17.6 MeV 


glass 


glass 


calcite 
blood serum 


0.44 Cu-—Ag-Li alloy 


brazed joint 


1.03 18.15 MeV 
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proton energy region studied was 2.7 


Det. limit 
[ppm] 


0.15 


0.5 


1.0 
0.05 pg /em? 


0.69 
1.6 


0.030 wg /cm? 


0.015 peg 
10 
25 


0.001 peg 


15 ng/cm 
> 


10 
10 
45 
10 


~6 
0. 


cm 


~ 


7 Remarks 


3.8 MeV [3]. For 
thin sample analysis an energy spread proton beam is 
used to smooth the fluctuations in the excitation func- 
tions. The method is described in ref. [4]. Hall [7] has 


external beam 


gamma ray 


background high 


external be 


PIXE 


am 


PIGE 


simultaneously, 


external beam, 


dry ashing 


sample prep 


technique 


PIXE 


PIGE 


simultaneously, 


external beam 


PIXE 


PIGI 


simultaneously 


PIXE 


PIGI 


simultaneously 


PIXE 


PIGE 


simultaneously 


microbeam 


macrobeam 


for depth 


(8) 
(8) 


[19] 


profiling, depth 


resol. 0.15 um, 


max. depth 


50 wm 
for depth 


[20] 


profiling, depth 


resol. in 


Al 


0.2 wm, max 
depth 7 um 





” Ref. [86]. 
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investigated different sample preparation methods of 
tree rings and analyzed various elements including Li 
by external beam PIXE /PIGE 

Boulton and Ewan [8] showed the advantage of 
using a low proton energy of 1.2 MeV for the bombard 
ment to reduce the sensitivity of sodium, which yields a 
gamma ray peak at 440 keV and thus interferes with 
the Li analysis. Lithium has been analyzed, e.g., in 
pottery and glasses [9], geological samples [10,11], 
desert varnish [12] and AI-Li alloys [13] by various 
investigators. In ref. [14] Li analyses by the ’Li(p, p’y) 
and ’Li(p, a) reactions is compared for external beam 
systems. A clear optimum for Li analyses via the 
'Li(p, p’y) reaction was observed at E,, = 1.7-2.0 MeV 
At increasing proton energies the gamma ray yields 
increase but the background in the spectra also in 
creases significantly. At high proton energies the neu 
tron yield from the matrix and the experimental system 
becomes the major drawback. If a conventional paraf- 
fin shield is used for the gamma ray detector it should 
be kept in mind that a strong peak at 478 keV is 
introduced from the reaction '’B(n, «)’Li. 

The PIGE method is a multielemental method suit 
able for light element detection. A disadvantage is that 
the sensitivity depends strongly on the sample composi- 
tion, mainly on the concentrations of Li, B, Na and F 


Table 2 


Analysis of Li by (p, a) and (p, n) reactions 


Proton energy / meas 
[MeV] {min} foil 


Lil p, a)" le 


0.5-1.0 Al 7 um 


2 


Absorber Sample 


Be foil 


Mylar human bone, 
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for which the proton induced y-ray yields are the 
highest (see table 4 for references). 


2.1.1.2. Particle-particle reactions (p, a) and (p, n). In 
the (p, a) method the alpha particles emitted from the 
reaction ’Li(p, a) are detected, e.g., by a silicon sur- 
face barrier detector. As the backscattered proton flux 
is much higher than the flux of a-particles, an absorber 
foil of a suitable thickness must be used to prevent too 
high counting rates. Simultaneously, during the detec- 
tion of the a-particles, the RBS spectrum of the pro- 
tons is often taken for beam current monitoring with 
another detector. The (p, a) method allows the depth 
profiling of Li by deducing directly the profile from the 
energy spectrum of the emitted a-particles. Absolute 
thick target yields of a-particles following the proton 
bombardment are given in ref. [21] for 0.7 and 1.0 MeV 
energies 

When the (p, a) measurements are performed in 
He gas with an external beam volatile samples may also 
be analyzed and no problems arise due to charging 
effects. In ref. [14] the optimum conditions for Li 
analyses by an external beam (p, a) system are pre- 
sented. The bombarding energy and the absorber foil 
thickness have been optimized. The optimum energy 
found was about 2.5 MeV with a 55 um thick absorber 


Detection Remarks 


limit 
[ppm] 


interference free, microbeam 


external beam used with He gas 


Slum blood serum, 


geological 


steel, B,( 


few nA glass 


10 pA/cm* Mylar 
~ 1 m¢ 25 um 
alloys 


1.0 yn A/mm? 15 glass 
x 10°? pA/mm? glass 
’Li(p, n)’ Be 1.6 MeV * 


2.0 rock 


diamond 


*” Ref. [86]. 


depth profiles, microbeam 
10 10 pm’, depth range ~ 5 um 


external beam, depth profiles, 
depth resolution ~ | um, depth 
range ~ 30 um 


400 at depth profiles, beam size ~ 2 mm’, 
surface depth resol. ~ 1 um, depth range 


>l17 um 


20 microbeam 
80 macrobeam 


K and Cl interfering elements 
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foil (Mylar) for organic samples. The corresponding 
detection limit value is given in table 2. 

Heck [22] has performed three-dimensional Li mi 
croanalysis in stainless steel with 3 MeV protons and a 
beam spot of ~ 2.5 ~.m diameter. Simultaneous (p, a), 
RBS and PIXE measurements were performed. Wen 
et al. [23] have determined trace amounts of Li in ZnO 
films by employing the (p, a) reaction. The RBS spec- 
trum was also simultaneously taken. In the coincidence 
measurement of complementary particles method 
(CMCP) used by Pretorius et al. [24-26] the two parti 
cles are measured in coincidence with one another 
The main limitation of this method is that samples 
must be thin enough to transmit both product particles 
Pallon and Kristiansson [27] use the ’Li(p, a) reaction 
for thin target thickness monitoring by employing a 
LiCl foil as a source of the a-particles. A high signal 
to-noise ratio is obtained by using a coincidence tech- 
nique to measure the induced a-particles pairwise 

The advantage of the (p, a) method is that the 
sensitivity does not depend on the sample composition 
as is the case, e.g., for the PIGE method. When the 
(p,a) method is used in its normal mode thick samples 
may also be analyzed. The disadvantage of this method 
is that only one element may be determined per run 
under optimum conditions (although also B, F and N 
may be determined at the same time if the best sensi- 
tivity is not needed). On the other hand, fluorine is the 
only element which may produce possible overlap in 
the dominant part of the Li spectrum with typical 


Table 3 


d, t, *He, *He and *°Cl-ion induced reactions 





Reaction aaa lon 
[MeV] energy / [min] 
[MeV] 


27.4 , 


meas 


°Li(d, a)*He 


Li(t, ty)’ Li 


Nb 


. p)’Be 11.2 5 Al—Li alloy 


'Li(a, ay)’ Li 
"Lila, ay)’ Li quartz 
Nb 
"Lila, ay)’ Li 5 Lif 
’Li(a, ay)’ Li 5 Nb 
"LiCl, np)” K 4.6 ‘ Nb 
"LIC Cl n)"'Ca 12.9 5 Nb 


” Ref ‘(86 ] 


Sample 


volcanic stone 
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detection angles of 105° and 170° relative to the beam 
and with incident proton energies of 700-2700 keV as 
used in the studies of refs. [14] and [21]. The ’Li(p, n) 
reaction has also been used, although not as exten- 
sively as the (p, a) reaction. The reaction threshold 
energy is 1.88 MeV. Sellschop et al. [28] have used the 
(p, n) reaction to analyze impurities in diamond and 
obtained a detection limit value of 2 ppm. Sippel and 
Glover [29] have analyzed sedimentary rock by the 
(p, n) reaction. A BF, counter was used for n detec- 
tion. An estimated limit of detection was 100 ppm. 
Details of the results are given in table 2 


Lhe & t, "He, ‘He and ”Cl-ion induced reactions 

Deuterons. The most frequently used deuteron in- 
duced reaction for Li analysis is °Li(d, a)*He. Preto- 
rius et al. [36] used it with the coincident measurement 
of the complementary particles. The LiF samples were 
prepared on thin carbon foils by evaporation and 
spraying techniques. A disadvantage of the method is 
that thin samples are needed. MOller et al. [37] used 
the °Li(d, a) reaction for depth profiling of lithium in 
nickel samples. Brown et al. [38] have determined the 
isotopic composition of lithium by employing the reac- 
tions °Li(d, a)*He, ‘Li(d, a)°He(n)*He and 
'Li(d, n)*Be(a)*He 


Tritons. Borderie and Barrandon [39] have studied the 
use of tritons in prompt gamma ray spectrometry. 
Incident ion energies of 2 and 3 MeV were used. The 


Det. limit Remarks 


[ppm] 


a-particles detected, depth 
profiles, F interfering element, 
depth resol. 0.03-—0.35 mg/cm 


gamma rays detected, [39] 


Na interfering element 


2 [39] 
100 protons detected, depth [40,41] 
profiles, spatial resol. ~ 100 um, 


probing depth 4-6 pm 


gamma rays detected 
l 
0.165 


gamma rays detected 


gamma rays detected 
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reaction usable for Li analysis is ’Li(t, t’y) (see table 3 
for more details). 


’He particles. For bombardment with *He particles the 
reaction ’Li(*He, p)’Be has been employed in the 
analysis of lithium. Schulte et al. [40,41] have used a 
finely collimated beam of 2.5 MeV *He ions for depth 
profiling of Li in Al—Li alloys. In the measurements a 
125 wm thick Kapton foil was used as an absorber for 
the elastically scattered “He particles. 


*He particles. Alpha particles are the second exten 
sively used particles for Li analysis after protons. This 
is because alpha particles may be considered to be 
included in the normal routine use of ion accelerators 
The reaction involved is ’Li(a, a’y) and Li may be 
determined by detecting the 478 keV prompt gamma 
rays. The Doppler broadening of the 478 keV gamma 
ray peak is useful in identifying the origin of the peak 
as Li only produces one gamma ray line with a-en 
ergies upto at least 5 MeV [42]. This method is often 
called the alpha particle induced gamma-ray emission 
(AIGE) method 

Giles and Peisach [42] have determined the thick 
target gamma ray yields of Li for 5 MeV alpha parti 
cles. Borderie et al. [43] for 3.5 MeV a-particles and 
Lappalainen et al. [44] for 2.4 MeV a-particles. The 
results are summarized in table 4. The low a-energies 
used in the above studies limit nuclear reactions to the 
lighter elements. A clear advantage of a-particles over 
protons is the lower gamma ray background. Another 
advantage of using alpha particles rather than protons 
is the possibility to determine Li from samples contain 
ing, e.g., Na, Mg, Al as major components for which 
the gamma ray yields with protons are high. This limits 
considerably the sensitivity obtainable with protons 


“Cl ions. Borderie et al. [45] have used 55 MeV “Cl 
ions for the analysis of ’Li in Nb by prompt gamma ray 
detection. The results obtained are given in tables 3 
and 4. Two different reactions were observed 
LiCl, np) and ’LiC*Cl, n). 


Table 5 


Elastic recoil detection analysis of Li 





lon Energy i Comen Absorber 
[MeV] [nA] [h) foil 





Sample 


18 10 Al bulk 


Al bulk 


Mylar 7 um 


18 Mylar 7 um 

at) 30 Mylar 7 um Al bulk 

18 at Mylar 7 um Al bulk 
Ni 5-7 um Cu /¢ 

backing 


evap. Lil 
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Table 4 
Thick target gamma-ray yields for Li 


Reaction E. Yield 
energy [keV] [pe 
[MeV] 


Particle lon 


Proton 1.0 'Li(p, p’y) 478 5x [46] 
[47] 

[48] 

[48] 

[48] 

[49] 

Triton 2 Li(t, t'y) 7 x10° [39] 


Alpha 2 Lila y) 7 : (44) 
35 (39) 


LiCl, np) 892 x [45] 
Li(-°Cl, n) 


The use of particle—particle reactions is more com- 
plicated than that of radiative reactions. The advantage 
of radiative reactions is the high penctrability of the 
gamma rays which minimizes matrix effects. With 
deuteron bombardment only "Li may be determined 
Of the ions listed in table 3 *He ions seem to yield the 
best sensitivity. If we compare the thick target gamma 
ray yields of Li obtainable with different ions and 
energies it may be noted from table 4 that the highest 
yield is clearly that obtained by protons. The back- 
ground yield and thus the sensitivity, however, are in 
each case dependent on the sample matrix. General 
recommendations for the choice of ions and energies 
can not be given 


2.1.3. Elastic recoil detection analysis 

Elastic recoil detection analysis (ERDA) involves 
the detection of ions recoiling elastically from a sample 
on bombardment by heavy ions of high energy. The 
technique is particularly useful for the detection of 
light elements at the surface of a heavy material. It 


Maximum acc 


Depth resol Det. limit 
at surface depth 


[nm] [um] 


[atoms /cm*] 


23 0.3 
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Table 6 


Charged particle activation analysis of Li 


lon /energy Reaction i t of 
[MeV] [MeV] [A] product 


p/6 Li(p, n)’ Be 1.6 1.5 53.4d 


'Li(d, 2n)’Be 
"Li(d, n)’ Be 


n)' Be 


850 ms 


n)'*¢ 20.4 min 
, 2n)'"¢ 


10 min 
110 min 


110 min 


” Ref. [86]. 


30 min 


q 400 pC 


1 ms—10 s, 100 irr 


counting sequence 


10 min 


5 min 
lh 


lh 
20 min 


10s 
cycle repeated 


for 10 times 





Sample Det. limit >marks 
[ppm] 


rock interfering elements 
with protons; B, Be 
C, N, see ref. [52] for 
reaction thresholds 
Al-fuel 
tubes 
Nb, Ta 0.8 ppb interference-free 
chemical separation of 
Be, destructive 
interfering elements 
with deuterons; B, Be 
C, N, see ref. [52] for 
reaction thresholds 
LIOH, Lif E., below the threshold 
for the ’Li(d, 2n) reaction 
(4.97 MeV). Only interfering 
element B 
silicon irr. carried out in air 


Ag SISAJDUD I] 


glass (25 um Ta exit foil), 
non-destructive 
interfering element Ca, 
a quasi-prompt method 
glass 5 boron-free sample, [58] 
interfering element B 


SpOoylald UiDAg 


non-destructive 
glass method was not suitable [59] 
for Li determination 
glass 5 interference due to B [59] 
and C, non-destructive 
Smin rock 3 destructive [60] 
Smin_ glass non-destructive, [60) 
interfering element Be 


30s alloys, 5 interference-free values, (61) 


glass, non-destructive, generally 
environmental interference from B, N, I 
samples Na, det. limit | ppm for 
40 MeV '*O ions 
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may be noted that by conventional Rutherford 
backscattering analysis the determination of Li is not 
possible in practice. The ERDA method makes it pos- 
sible to analyze Li. In ERDA, it is necessary to screen 
the detector from the high flux of the scattered beam 
ions in order to detect the small flux of the light recoil 
ions which are ejected in the forward direction. Gener- 
ally Mylar foils are used for this purpose. The typical 
target—detector separation is 10-20 cm and the solid 
angle subtended by the detector about 10~* sr. The 
typical scattering angle which has been used in most 
experiments is 30°. An important feature of this method 
is the possibility of depth profiling. Typical values 
obtained by ERDA are given in table 5. 

L’Ecuyer et al. [50] investigated the use of various 
beams ('°F, “Cl, Br) and concluded that the 35 MeV 
‘Cl beam yielded the best depth resolution. Moreau et 
al. [51] have considered the beams of *’Ne, “Cl and 
“Ar. As may be concluded from table 5, the best 
sensitivity in their study was obtained by the “Ar 
beam. However, the mass dispersion with the “’Ar ions 
is not as good as with the *’Ne and “°C ions. 

2.2. Charged particle activation analysis 

Lithium has been determined successfully with 
charged particle activation [52-61] by employing vari- 
ous projectiles. The nucleus produced in the activation 
with the charged particles is used as an indicator 
radionuclide for the determination of the element in 
question. A difficulty in the activation method is that 
different reactions with the matrix nuclei may lead to 
the same product nucleus. For the most sensitive de- 
terminations elaborate radiochemical separation pro- 
cedures must be performed if the matrix induces inter- 


Table 7 
Neutron induced methods 





Meth »d 


n flux 
[n /(cm? 


Sample 





*Li(n, a) reaction 
Track etch geological, glass 
glass 

glass 

whole blood, 


biol. ref. mater 


Mass spectrom. 33x10"! 


Reaction 15x10" 
chain 

Coincidence 

technique 


geological 
material 
Mylar foil 
Si wafer 
’Li(n, y) reaction 
NAA water, biol 
material, geochem 
ref. samples 
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fering activities. In these cases the method is clearly 
destructive. A summary of the various possibilities of 
detecting Li by charged particle activation analysis is 
given in table 5. 


3. Neutron induced methods 
3.1. (n, a) spectrometry 


In these methods the element being determined 
undergoes a nuclear reaction (°Li(n, a)°H) with ther- 
mal neutrons. The means for detecting the reaction 
products vary with the different methods. By measur- 
ing the charge particles from neutron induced reac- 
tions depth profiling of Li is also possible [62,63]. The 
applications of the methods are many and varied 
[64,65]. 


3.1.1. Track etch method 

In nuclear track detection the sample and the nu- 
clear track detector are irradiated together in a reac- 
tor. The prompt alpha particles from the reaction 
°Li(n, a) produce nuclear tracks which are revealed by 
chemical etching. The track density is then inspected. 
A comparison of the measured track density produced 
in the sample with that of a standard of known compo- 
sition is used to determine the elemental concentra- 
tion. When several elements that have nuclides under- 
going thermal neutron induced charged particle emis- 
sion (e.g. '’B, '’O) are present in the sample, the use 
of the alpha particle track counting technique becomes 
difficult. For these samples the Li content must be 
determined by observing the tracks produced by the *H 
particles. The detection limit for Li is then much 


Det. limit 
[ppm] 


Remarks 





time-consuming method 
interference-free 
interference due to B 
highly thermalized 
neutron flux 
irr. 15 min, 30 min decay, 
2000 s measurement 
only thin samples, 
depth distributions, 
long determinations 


fast irradiations, < 10s 
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poorer (see table 7). In the work of Martini et al. [66] 
the problems related to the track etch method are 
discussed. Generally a fission reactor is used in these 
studies, but also a Ra—Be neutron source may be used 
as pointed out by Kjellman et al. [67]. The irradiation 
times varied from 3 to 10 days for mineral samples. 
The sensitivity of this method is clearly poorer than 
those of the reactor based methods. 


> 


3.1.2. Mass-spectrometric measurement of “He 

In the work of Clarke et al. [68] a mass-spectromet- 
ric assay of “He from the decay of *H produced in the 
reaction °Li(n, a)’H was performed. Several sample 
types were studied with good sensitivity. See table 7 for 


details. 


3.1.3. Reaction chain method 

The tritons produced in the reaction °Li(n, a) in- 
duce some secondary reactions which may be applied 
as an indirect method for Li analyses. The reactions 
'O(t, n)'SF and 'O(t, a)'’N have been employed. In 
the work of Cohen et al. [69] the reaction **S(t, n)**"Cl 
is used. The isotope produced has a convenient half-life 
and may be detected easily via gamma spectroscopy. 


3.1.4. Coincidence technique 

The standard method has been developed further 
especially at the Hahn—Meitner Institute [70]. In this 
method the background is reduced by a simple coinci- 
dence circuit. The method has been used for depth 
profiling of Li in numerous sample types. The method 
is extremely sensitive as may be noted from table 7. A 
disadvantage of the method is that only thin samples (a 
few wm thick) may be analyzed. 
3.2. Instrumental neutron activation analysis 
A clear difficulty in conventional NAA is that 
lithium does not have a radioactive isotope of conve 


Table 8 
Other analytical techniques 





Method Sample 7 


Detection limit 
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nient half-life. For example Heydorn et al. [71] have, 
however, determined Li by employing the reaction 
’Li(n, y)*Li (1, ,. ~ 0.84 s). They analyzed biological 
material and geochemical reference material. The rele- 
vant results are given in table 7. 


4. Other analytical techniques 


Several sensitive non-nuclear techniques have also 
been applied for the determination of lithium. Among 
them the most common methods are atomic emission 
spectrometry (AES), atomic absorption spectrometry 
(AAS) and inductively coupled plasma (ICP) methods. 
Nearly all non-nuclear techniques are destructive 
methods. In the following the methods used success- 
fully for Li detection are briefly summarized. Typical 
values related to the methods are given in table 8 


(A) Atomic absorption spectrometry (AAS) 

Atomic absorption spectrometry is one of the most 
extensively used analysis methods. It may be used 
easily in routine laboratory work. The problems related 
to AAS are discussed, for example, in ref. [75] 


(B) Atomic emission spectrometry (AES) 

This method has been the classical approach for 
simultaneous multielement determinations. The 
method has lost some of its importance to the AAS 
method 


(C) Inductively coupled plasma (ICP) 

Several kinds of plasmas have been considered for 
analytical instrumentation, but the one most widely 
used is the inductively coupled plasma. Different ICP 
methods have been developed which may also be used 
for Li detection. The inductively coupled plasma atomic 
emission spectrometry (ICP-AES) techniques have 
brought simultaneous multielement capabilities. Also a 


Remarks 





AAS flame 
AAS furnace 
AES flame 


biological 0.3 pg/l 
2 ue/! 
biological l pe /l 
reference 
materials and 
human hair 
ICP-AFS water 
ICP-AES 
ICP-MS 
SIMS geological 
LAMMA 


0.3 pg /! 

0.05 ppm 
0.09 pg /I 
0.005 ppm 


organic 


19 


sucrose matrix 2x 10 2g 
with LiCl 

EELS Al-Li alloy ~ 2.7 wt.% 

PDMS glass 


100 ppm 





assuming a 20 yw! sample 
[80] 


multielemental determination [81] 
[82,83] 
(82) 
good depth resolution [84] 
high lateral resolution [85] 
(spot size ~ 0.7 um) 
[77] 
non-destructive [78] 
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Table 9 


Comparison of various Li detection methods 


Method Sample 


PIGE organic 
(p, a) method human bone, blood serum 
geological 
AIGI Nb 
ERDA (*’Ne) Al 
Charged particle 
activation ('*N) rock 


(n, a) mass spectrometry blood 
Mylar foil 
AAS organic 


(n, a) coincidence 


ICP organic 
SIMS geological 


rapid, simultaneous multielement technique is the in 
ductively coupled plasma atomic fluorescent spectrom 
etry (ICP-AFS). The inductively coupled plasma mass 
spectrometry (ICP-MS) is an accurate method to mea- 
sure stable isotope ratios (°Li/’Li, ref. [76]). The 
disadvantage of these methods is that they generally 
need rather complicated sample preparations 


(D) Secondary ion mass spectrometry (SIMS) 

In this method the secondary ions produced by 
primary low energy ion bombardment are analyzed 
with a mass spectrometer. The method is generally 
extremely sensitive, but the quantitative interpretation 
of spectra requires a knowledge of the chemical state 
of the lithium (e.g. LiO,, LiOH, Li,O,, etc.). This 
state is generally unknown and consequently quantita- 
tive measurements cannot be performed in these cases. 
SIMS has an excellent depth resolution but it has the 
disadvantage of being a destructive method [84]. 


(E) Laser microprobe mass analysis (LAMMA) 

Laser induced mass spectrometry has become an 
important microanalytical technique with good relative 
and absolute detection limits. One of the problems 
related to LAMMA is the difficulty in obtaining a 
realistic estimation of the analytical microvolume or 
the analytical micromass. This method is also destruc- 
tive. 

In addition to the methods mentioned above, sev- 
eral others have been used for lithium determination. 
One of them is electron energy loss spectrometry 
(EELS). This method is, however, rather insensitive to 
lithium. For example, Chan and Williams [77] have 
analyzed Li from Al-—Li alloys with a detection limit of 
about 2.7 wt.%. Schweikert et al. [78] have used fission 
fragments of 252 Cf (84 MeV Kr) for bombardment of 
glasses and plastics. The desorbed ions following the 
surface bombardment are detected with a time-of-flight 
mass spectrometer. The detection limit obtained for Li 


Detection limit Remarks 


[ppm] 


0.15 external beam 
0.10 external beam 


0.05 


depth profiling 


destructive, chemical 
treatment of sample 
0.01 destructive, long irradiation 
_ only thin samples 
0.0003 destructive 
0.0003 destructive 
0.005 destructive 


in glass by this particle induced desorption mass spec- 
trometry (PDMS) method was 100 ppm. 


5. Conclusions 


A clear advantage of most charged particle based 
methods is the possibility of performing depth profile 
measurements. Other advantages of the techniques are 
their non-destructiveness and that they are generally 
fast and often no chemical sample preparation steps 
are needed. Furthermore, the nuclear methods are 
independent of the chemical and physicochemical 
properties of the samples. As may be noted from the 
varying detection limit values given in the tables, the 
sensitivities of the methods are generally very depen- 
dent on the sample matrix. Therefore an accurate 
comparison of the methods is difficult, but for general 
purposes the (p, a) and AIGE methods seem to yield 
the best sensitivities for lithium (table 9). 

The (n, a) method used with the coincidence tech- 
nique is clearly the most sensitive method which also 
offers the possibility of depth profiling of Li. The 
limitations of the method are that only thin samples 
may be analyzed and that a high flux reactor is needed. 

The conventional methods of AAS and ICP are 
more sensitive than the ion beam methods. They are 
routinely used in most laboratories. The shortcomings 
of these methods are their destructiveness and that 
depth profiling is not possible. 
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Accelerator methods for the determination of beryllium are reviewed. Three principal techniques are discussed, namely, prompt 


methods, mainly based on nuclear reactions, activation analysis methods, again based on nuclear reactions, and finally, accelerator 


mass spectrometry. Illustrative applications are quoted. Accelerator methods and other techniques for beryllium are briefly 


compar ed 


1. Introduction 


Beryllium is used in a number of industries. In the 
nuclear industry its properties as a neutron moderator 
have been valued for many years. More recently it has 
been found to have beneficial properties in fusion 
devices, such as the Joint European Torus, as a coating 
on graphite tiles. Its good transmission for X-rays 
encourages its wide use as a window material for 
detectors and generators. The addition of beryllium to 
aluminium, nickel and copper improves their hardness 
and resistance to fatigue. The incorporation of beryl- 
lium into microelectronic devices improves their prop- 
erties. The toxicity of beryllium is well known, conse- 
quently, its presence in the work place must be strictly 
controlled. The cosmogenic isotope, '’Be, is finding 
wide use as a tracer for chemical and physical pro- 
cesses in the atmosphere, oceans and the earth’s crust. 

Accelerator methods of analysis can be applied to 
the determination of stable and radioactive isotopes of 
beryllium. In this review of accelerator methods they 
are broadly divided into three groups. 

(a) Charged particle activation analysis methods. 

(b) Prompt methods of analysis. 

(c) Accelerator mass spectrometry. 

These are reviewed in an exemplary rather than ex- 
haustive manner, so that the range of techniques is 
indicated with illustrative applications. Finally, an indi- 
cation is given of the value of accelerator methods at a 
time when a widening range of modern instrumental 
methods of analysis has become available. 


2. Charged particle activation analysis methods 


The analysis of materials by charged particle activa- 
tion analysis, otherwise known as ion activation analy- 
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sis, has been generally reviewed in articles by Hoste 
and Vandecasteele [1] and Engelmann [2]. The subject 
is discussed in detail in a book, “Activation Analysis 
with Charged Particles’, by Vandecasteele and pub- 
lished in 1988 [3]. A further useful source of informa- 
tion is the book “lon Beams for Materials Analysis” 
edited by Bird and Williams and published in 1989 [4] 

Beryllium may be determined by a number of reac- 
tions involving irradiation with light or heavy, energetic 
ions. 


2.1. Analysis with light ions 


Light ion reactions used for the determination of 
beryllium by charged particle activation analysis in- 
clude 


(1) *Be(t,p)'' Be (QO =(—) 1.166 MeV), 
(2) °Be(a,2n)''C (Q=(—) 13.020 MeV), 
(3) °Be(*He,n)''C 1 (Q = 7.558 MeV). 


In principle, the first reaction, studied by Borderie et 
al. [5], is the most attractive for the nondestructive 
determination of beryllium as the short lived product 
'' Be, tf, ,. = 14s, emits an energetic gamma-ray at 2125 
keV. A detection limit of ca. | peg is achievable. 
However, the higher degree of activation of many 
other light elements discourages beryllium analysis by 
this reaction 

In common with many reactions induced by charged 
particle irradiation [2,5,6,7] the product of the second 
and third reactions is solely a positron emitter, ''C. Its 
identity can be confirmed by decay curve analysis or by 
chemical separation which is readily achievable for this 
relative long lived nuclide, ¢, ,, = 20.3 min. 

A problem often encountered in charged particle 
activation analysis is interference from reactions on 
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other light nuclides that produce the same active prod- 
uct nuclide. This occurs in the case of reaction two by 
reactions on '’B, ''B and '*C [2,7]. 


Bla t)''C (QO =(—) 11.124 MeV), 
"Bla,tn)''C (Q=(—) 22.579 MeV), 
2O(a,an)''C (QO =(—) 18.722 MeV). 


While *He irradiation has an interference free sensitiv- 
ity of ca 10 pgg™' this is difficult to realise in practice 
because of inevitable doubts concerning interference 
from boron and carbon. Little can be gained by adjust- 
ing the irradiation energy because the reaction thresh 
old energies are not dissimilar. 

An exactly parallel problem occurs when using *He 
activation, as in reaction (3) [6,7]. Interfering reactions 
occur with '’B, ''B and °C. 


3.196 MeV), 
) 2.000 MeV), 
1.856 MeV). 


"BCHe,d)''C (QO 


"BCHew'C (Q=¢( 
"CCHe,a)''C (QO 


The interference free sensitivity is again ca. 10 pgg' 
However, the probability of interference from carbon 
and boron is high and severely restricts the applicabil- 
ity of the reaction for beryllium determination. It is 
interesting to note that Debrun et al. [6] dismissed *He 
activation as unsuitable for trace element analysis be- 
cause of the frequent formation of nuclides decaying 
by positron emission. 

2.2. Analysis with heavy ions 

A number of heavy ion reactions can be used for 
the determination of beryllium by charged particle 
activation analysis and include 


(1) *Be(®Li,2n)'°N 
(2) °Be(''B,2n)'*F 
(3) °Be('*N,an)'*F 
(4) *Be("°N,2a)'®N 
(5) °Be('°O,2a)"O 


(Q = 3.945 MeV), 
(Q = 3.000 MeV), 
(Q = 2.842 MeV), 
(Q = 0.917 MeV), 
(Q = 2.383 MeV). 


Studies of the activation of light elements by 7 MeV 
°Li ions [8,9] indicated that "Be and '*C were the only 
nuclides to produce '’N, the latter by the reaction 
'20(°Lijan)'*N. While the sensitivity for beryllium, 2 
wg, is superior to that for carbon, 10 wg, the presence 
of significant amounts of carbon in many materials 
discourages use of the technique to measure beryllium. 

Beryllium can be determined with great sensitivity, 
ca. 1 wg, by irradiating samples with 10 MeV ''B ions 
to induce the reaction *Be(''B,2n)'*F and subsequent 
measurement of the '*F product [10]. Limited interfer- 
ence can occur from reactions on boron, ' B(''B,t)'*F, 


carbon, '*C(''B,an)'*F, fluorine, '*F(''B,'?B)'*F, and 
magnesium, ** Mg(''B,'’O)'*F. 

The technique has been successfully applied to de- 
termine beryllium in a number of standard materials, 
NBS-SRM C1123 a Cu—Be alloy and three glass stan- 
dards NBS-SRM 610, 612 and 614. By increasing the 
''B ion energy to 15 MeV the sensitivity of the method 
can be increased to 0.2 pg [11]. Other ''B induced 
reactions also occur, for example, *Be(''B,a)'®N, but 
they are accompanied by interfering reactions on 
lithium, boron, carbon and fluorine, the first being 
dominant. To determine beryllium through the produc- 
tion of ‘°N the preferred reaction is *Be('°N,2a)'°N 
which is discussed later. 

Beryllium may also be determined by irradiation 
with 12.5 MeV '*N ion beams through the reaction 
*Be('*N,an)'*F with a sensitivity of ca. 2 pg [9,12]. 
However, the sensitivity is identical for the determina- 
tion of lithium through the reactions °Li('*N,d)'*F and 
’Li('*N,t)'*F, demonstrating the strong mutual inter- 
ference between these two elements. To determine 
beryllium in two standard rocks, USGS BCR-1 and 
CANMET SY-2, it was chemically separated prior to 
activation and successful measurement. Non-destruc- 
tive measurements were made of beryllium in two 
standard glasses NBS-SRM 610 and 612 with tolerable 
success. 

Irradiation of beryllium with 20 MeV '°N ions per- 
mits its determination by the reaction ’Be('°N,2a)'°N 
[13]. Measurement of '°N, 1, ,. = 7.13 s, via its 6129 
keV gamma-ray avoids interference from gamma-emit- 
ting nuclides induced in the sample matrix. A sensitiv- 
ity of 4 wg is achievable. While '°N can be formed 
from other elements, notably hydrogen, lithium, carbon 
and fluorine, the sensitivities are much lower and 
beryllium determination will only be hindered signifi- 
cantly in organic samples. Using a cyclic irradiation 
system, beryllium was successfully determined in sev- 
eral standards, NBS-SRM C1123 a Cu-Be alloy, and 
two glass standards NBS-SRM 610 and 612. 

A further reaction that has been used for the deter- 
mination of beryllium is ’Be('*O,2a)'"O [14]. The short 
lived product '’O, ¢, ,. = 27.1 s, is measured through 
its 197 keV gamma-ray, during cyclic irradiation. The 
yield of '°O increases upto an incident ion energy of 
ca. 30 MeV. Minor interference arises through the 
production of '’O from lithium and carbon. However, 
a sensitivity of ca. 1 wg is achievable. Beryllium was 
measured in a wide range of standard materials with 
reasonable success. 


3. Prompt methods of analysis 


A large number of analytical methods have been 
drawn together under this heading. Prompt nuclear 
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reactions are most suitable for the determination of 
light elements, including beryllium, and allow bulk 
composition and depth distributions to be determined. 
While scattering methods are generally less suitable for 
light element determination, they have been applied to 
measure beryllium and elastic recoil analysis has excel 
lent potential for the determination of this element. 
General information on prompt methods of analysis is 
available in books on accelerator methods of analysis 
such as “Introduction to Radioanalytical Physics” by 
Deconninck [15], “Ion Beams for Materials Analysis” 
edited by Bird and Williams [4] and “Backscattering 
Spectrometry” by Chu, Meyer and Nicolet [16]. Useful 
reviews have been written by Bird, Campbell and Price 
[17], Deconninck, Demortier and Bodart [18], and 
Peisach [19]. 


3.1. Nuclear reaction methods 


3.1.1. Particle emission methods 

A number of nuclear reactions that involve the 
measurement of emitted charged particles or neutrons 
have been studied for the determination of beryllium 
[20-25]. 


*Be(p,a)°Li (Q=2.126 MeV), 
*Be(p,d)°Be (Q=0.559 MeV), 
*Be(d,p)'"Be (Q=4.857 MeV), 
*Be(d,t)* Be (Q = 4.592 MeV), 
*Be(d,a)’ Li (Q = 7.152 MeV), 
*Be(*He,p)''B (Q = 10.322 MeV), 
*Be(a.n)'’?C (Q=5.701 MeV). 


The reactions ’Be(d,p)'’Be and °Be(a,n)'*C were 
both used by McMillan et al. [20] for the nuclear 
microprobe determination of beryllium diffusion pro- 
files in copper. A compromise between sensitivity and 
selectivity was reached by using 1.3 MeV deuterons for 
the first reaction. Beryllium concentrations below 100 
ppm could be measured but other light elements caused 
minor interference, particularly boron and nitrogen. 
Although the optimum sensitivity for the (a,n) reaction 
was achieved with incident *He ions of 2.6 MeV it was 
three times less sensitive than the (d,p) reaction. How- 
ever, it can be made essentially specific as the Q value, 
5.701 MeV, for the (a,n) reaction on ’Be, is higher 
than for any other nuclide. Specificity was achieved by 
employing an energy sensitive neutron detector and 
setting a neutron energy discrimination level that re- 
jected neutrons from other (a,n) reactions. The two 
methods produced results that agreed, that fitted theo- 
retically calculated diffusion profiles and that pro- 
duced diffusion coefficients that obeyed the Arrhenius 
relationship. 


Accelerator methods for the determination of Be 


To measure elemental distributions close to the 
surface of materials, perhaps to a depth of a few 
micrometers, reactions are often selected that have 
cross sections containing resonances. Pronko et al. [21] 
recommended the reaction "Be(p,a)°Li for the high 
resolution determination of beryllium distributions near 
surfaces but favoured the reaction ’Be(p,d)* Be for the 
determination of moderately deep profiles, to ca. | 
um, in nickel and copper. They applied the reactions 
to study the influence of irradiation on the segregation 
of beryllium in the surface of a nickel — 0.7% beryllium 
alloy and a copper — 7% beryllium alloy when treated 
at high temperature. Analysis comprised irradiation 
with 300 keV protons and observation of the emitted 
deuterons and alpha particles, at 150°, with or without 
a 2.5 1m mylar foil to remove backscatteggd protons, 
the former usually being favoured. For the nickel alloy, 
nickel ion bombardment, to a dose of 26 dpa, at 625°C, 
caused significant beryllium segregation, induced by 
point defect flows to the surface. The segregation was 
readily observed by both reactions. 

An extensive range of nuclear reactions was used by 
Reichle, Behrisch and Roth [22], as well as scattering, 
to examine beryllium coated carbon tiles from the Joint 
European Torus, JET, fusion experiment. The objec- 
tive was to study changes that occurred during their 
use including beryllium redistribution, and the forma- 
tion of beryllium carbide and oxide. The reactions 
studied for the depth profiling of beryllium or deter- 
mining its surface loading included °Be(p,d)*Be, 
*Be(p,a)°Li, °Be(d,p)'’Be, *Be(d,t)*Be, *Be(d,a)’ Li 
and *Be(*He,p)''B. Good depth distributions were ob- 
tained by irradiating with 0.35 MeV protons and ob- 
serving the emitted deuterons from the reaction 
*Be(p,d)’Be, or alpha particles from the reaction 
*Be(p,a)° Li. Irradiation with 0.9 MeV deuterons and 
observation of either the a, or a, particle groups 
emitted by the reaction ’Be(d,a)’Li also allowed the 
determination of the depth distribution of beryllium. 
The thickness of the beryllium layer could be deter- 
mined by observation of the protons emitted by the 
reaction ’Be(d,p)'°Be under identical irradiation con- 
ditions. Finally, beryllium surface loadings could be 
determined by irradiation with 2.5 MeV *He* ions and 
detection of the protons from the _ reaction 
*Be(*He,p)''B. Further information on beryllium, car- 
bon and oxygen distributions could be obtained princi- 
pally from scattering using 1.3 MeV protons and 2.6 
MeV *He* ions. Simpson et al. [23,24] have also used 
irradiation with *He* ions, 4 MeV initially and ca. 2.5 
MeV at the target, to measure beryllium and deu- 
terium distributions in graphite limiter tiles. They em- 
ployed an external beam method and glove box han- 
dling techniques to avoid the beryllium toxicity hazard. 

Hubler, Comas and Plew [25] have measured pro- 
files of ion-implanted beryllium in gallium arsenide 





J.W. McMillan 


using the reaction ’Be(p,a)°Li and utilising the high 
energy resolving power of a magnetic spectrometer to 
detect the emitted alpha particles. The objective of the 
work was to confirm that unusual beryllium distribu- 
tions observed, for high fluence implantations, using 
secondary ion mass spectrometry, SIMS, were real 
rather than an analysis artefact. Profiles measured by 
the two methods agreed well. The nuclear reaction 
method was superior for measurements very near the 
surfaces, 100 nm, but was restricted in sensitivity to 
ca. 0.1 at.% and tended to be prohibitively slow. 

Prompt nuclear reactions induced by heavy ions 
have some potential for the determinaton of beryllium 
L’Ecuyer et al. [26] demonstrated the wide range of 
particles emitted when a beryllium target was bom- 
barded with 6.5 MeV °Li ions. 


3.1.2. Gamma emission methods 

Many ion interactions with nuclides lead to prompt 
gamma-ray emission, notably radiative capture, inelas- 
tic scattering and so-called rearrangement collisions 
[18]. Collectively particle induced gamma-ray emission 
methods are referred to as PIGME or PIGE methods 
Generally they are most sensitive for light element 


analysis and have been catalogued extensively [18,27 
34]. A compact, graphical summary of many detection 
limits has been published recently [35] for proton, 
triton, alpha particle and *C! ion interactions. 

The reaction ’Be(a,ny)'*C has the highest sensitiv 


ity for the determination of beryllium by PIGE, ca. | 
ppm (weight) [27,29]. In a systematic study of absolute 
thick target yields of prompt gamma-rays for light 
elements following bombardment with 2.4 MeV *He * 
ions, Lappalainen et al. [29] used the 4439 keV gamma- 
ray to measure beryllium in volcanic rock. The mea- 
sured concentration, 8.3 ppm (weight), was readily ob- 
served and was in reasonable agreement with expecta- 
tion. The superiority of *He ion bombardment over 
proton bombardment for beryllium determination by 
PIGE, a factor of 100, was emphasised, and largely 
based on an earlier systematic study by the same au- 
thors [30]. 

Beryllium has been determined for many years 
[36,37] by the reaction *Be(a,ny)'*C using isotopic 
sources of alpha particles. Recently Chyong and 
coworkers [38] described a method, employing irradia- 
tion with *'’Po (3 x 10° Bq) and neutron /gamma coin- 
cidence counting, to measure beryllium with a sensitiv- 
ity of 0.1 xg, adequate for air monitoring. 

Proton irradiation of beryllium leads to gamma- 
ray emission by two principal reactions, namely, 
*Be(p,y)'°B and *Be(p,ay)°Li [18,30]. Anttila and 
coworkers [30] demonstrated that gamma-rays from the 
reaction *Be(p,y)'’B predominate at incident proton 
energies of 1.0 and 1.7 MeV, but at 2.4 MeV the 3562 
keV gamma-ray, from the reaction ’Be(p,ay)°Li be- 
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comes prominent. Gihwala and Peisach [28] claim that 
beryllium can be determined, under interference free 
conditions, at 500 ygg™', by irradiating with 4.5 MeV 
protons. Even so, proton based PIGE is not a method 
widely recommended for the measurement of beryl- 
lium. Lappalainen et al. [29] prefer methods based on 
alpha irradiation. Deconninck, Demortier and Bodart 
[18] suggested that PIGE methods for beryllium were 
rarely applied because of low sensitivity and observa- 
tion of emitted particles from nuclear reactions was 
often preferred 


3.2. Scattering methods 


3.2.1. High energy scattering 

The use of high energy scattering methods for the 
measurement of light elements is often limited by their 
relatively low scattering cross-sections compared to 
higher atomic number clements [16]. However, for 
materials containing mainly light elements this limita- 
tion is less constraining and their light element con- 
tents, including beryllium, have been measured 
[22,39,40]. 

The toxicity of beryllium is well known and its 
concentration in air is restricted to ca. 1 pgm > or 
less. Hudson and co-workers [39,40] have described the 
development and application of a proton scattering 
method to measure beryllium collected from air by a 
streak sampler. Initially they established that the elas- 
tic scattering cross section for protons with energies 
between 13.5 and 16.0 MeV was nonresonant. For 
beryllium on a 1 pgcem~* Nucleopore backing a detec- 
tion limit equivalent to 50 ngm~* of air was attained 
[39]. They subsequently reported the application of the 
method to samples taken in a factory manufacturing 
alloys containing beryllium [40]. Beryllium concentra- 
tions as high as 3.5 pgm ~~ were detected, prior to 
improvements in the air exhaust system. Results for 
samples taken by an impact cascader indicated that 
beryllium and copper only appear in large particles 
readily removable by simple face masks 

In an earlier section the use of scattering, by Re 
ichle et al. [22], was briefly mentioned, for the mea- 
surement of beryllium, carbon and oxygen profiles at 
the surface of beryllium coated tiles from the JET 
fusion experiment. Enhanced elastic backscattering of 
1.3 MeV protons provided an almost direct measure of 
the depth profiles for beryllium and carbon. Although 
the surface peak for beryllium sat on the carbon scat- 
tering plateau these could be readily resolved mathe- 
matically to produce depth profiles. To obtain informa- 
tion on the distribution of oxygen, the oxygen elastic 
scattering peak needed to be resolved from the emitted 
deuteron peak, from the reaction ’Be(p,d)*Be, as they 
overlapped. While Rutherford backscattering with 2.6 
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MeV *He* ions appeared attractive it proved to be 
susceptible to large systematic errors. 
3.2.2. Elastic recoil analysis 

In principle, elastic recoil analysis, ERA, is a method 
with good potential for the determination of beryllium 
L’Ecuyer and coworkers [26] drew attention to the 
possibility of determining beryllium and other light 
elements by ERA using 30 MeV “Cl ions. Gujrathi et 
al. [41] indicate that, using 30 MeV “Cl ions, and 
time-of-flight detection, Be should be detectable in a 
silicon matrix at a concentration of 5 x 10'* atoms cm ~* 
but a value at least ten times greater is more realistic. 

In practice ERA appears to have been applied to a 
vanishingly small degree for the determination of beryl- 
lium. This perhaps reflects some of the difficulties 
associated with the technique which include the need 
for energetic heavy ion beams, the critical alignment of 
the glancing angle target geometry, ion beam induced 
target damage and the influence of surface roughness. 
3.2.3. Low energy scattering 

Low energy ion scattering, LEIS, provides informa- 
tion on the composition of the outermost surface layer 
of a solid, through the scattering of ions normally of 
< 10 keV. The technique has been applied to examine 
beryllium at the surface of metals [43,44]. 

Creemers, Van Hove and Neyens [43] used LEIS to 
study the segregation of beryllium and tin in alloys with 
copper. From examination of beryllium, beryllium 
copper alloy and copper, using LEIS with 600 eV He" 
ions, it was concluded that surface oxidation causes 
segregation of beryllium to the surface of the alloy 
The surface was found to be completely covered with 
oxidised beryllium atoms whereas the bulk concentra- 
tion was only 12.5 at.% beryllium. 

Difficulties can be encountered in quantifying sur- 
face coverage in LEIS. When studying the scattered 
He* ion yield from beryllium adsorbed on tungsten it 
was found to be nonlinear by Nichus and Bauer [44]. 
While the substrate signal decreased monotonically 
with coverage it was nonlinear. The beryllium signal 
reached a maximum at a coverage of 0.6 monolayers 
and then decreased, probably because of structural 
rearrangement of the surface. 


4. Accelerator mass spectrometry 
4.1. High energy mass spectrometry 

The long-lived, cosmogenic beryllium isotope, ‘Be, 
has recently become of considerable interest as a natu- 


ral, geophysical tracer for chemical and physical pro- 
cesses in the atmosphere, oceans and the earth’s crust 
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[45,46]. The half-life of '’Be, 1.6 x 10° years, is so long 
and its specific activity so low, that its determination by 
radioactive counting is inadequately sensitive [45]. The 
advent of accelerator mass spectrometry, which mea- 
sures the total number of '’Be atoms rather than the 
small proportion undergoing radioactive decay, allows 
the measurement of small numbers of '’Be atoms with 
much greater sensitivity, ca. 10° atoms [45], and with 
high isotopic and isobaric discrimination, ca. 10'°. The 
high energy mass analysis is frequently based on the 
use of a tandem accelerator. 

The state of development of accelerator or high 
energy mass spectrometry is well illustrated in recent 
reviews by Elmore and Phillips [45], and by Kutschera 
[46]. Although accelerator mass spectrometry was ini- 
tially employed in 1939 by Alvarez and Cornog [47] to 
measure “He abundances in natural helium, its use for 
detecting long-lived nuclides was simultaneously sug- 
gested in 1977 by Muller [48] and Purser et al. [49]. By 
1978 a report appeared on the measurement of '’Be at 
Grenoble [50]. Since that time this cosmogenic nuclide 
has been measured widely [45,46], and a number of 
specific applications will be detailed later, after a broad 
description of its measurement. 

Accelerator mass spectrometry systems essentially 
comprise four parts [45]. 

Negative ion injector 

Tandem accelerator. 


l 
nd 
3. Positive ion analyser. 
4. Detector system. 


Because discrimination against isobaric interference 
from '’B is the major objective of accelerator mass 
spectrometric measurement of '’Be, chemical separa- 
tion from boron is an important aspect of the prepara- 
tion of a BeO target for the ion injector system. Nega- 
tive ions, '’Be'°O~ are formed by sputtering a BeO 
target typically with 20 keV Cs ions. Interfering iso- 
baric negative ions also formed are '’B'°O™~ and 
*BeO'’~. These are extracted, analysed magnetically, 
and possibly electrostatically, and preaccelerated for 
injection into the tandem accelerator. 

After acceleration, to perhaps 10 MV, at the central 
terminal of the tandem accelerator the negative ions 
undergo electron stripping by passage through a thin 
foil or gas. Most molecular ions dissociate. The result- 
ing Be ions of high positive charge state, +3 or, 
perhaps, +4, are then further accelerated before 
transfer to the positive ion analysis system. 

In the positive ion analysis system any surviving 
molecular ions with positive charge states can be dis- 
criminated against by mass/charge analysis backed up 
by electrostatic analysis and, possibly, velocity selec- 
tion. This ensures the removal of particles with a 
different mass but the correct mass-energy product. 
The system may incorporate beam monitors for the 
measurement of intense beams such as *Be. 
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The detection system for '’Be ions often comprises 
a foil to remove '’B ions, and a dE/dx and total 
energy detector to identify '’Be ions. Time of flight 
analysers and gas filled magnets may also be used to 
enhance ion identification. 

Lanford and coworkers at Yale [51] have applied 
accelerator mass spectrometry to determine the growth 
rate of a manganese nodule from the Rio Grande 
Ridge in the South Atlantic Ocean. The amount of 
Be in the nodule varied with depth from about 3 » 
10'" atom g' near the surface of the nodule to a tenth 
of that value 25 mm from its surface. The growth rate 
was calculated to be 4.5 mm every million years, con- 
firming the very slow growth of manganese nodules 

The precipitation of '’Be from the atmosphere has 
been studied by Imamura et al. [52] for rain water 
collected in Tokyo. The measured rate was ca. 0.1 
atomcm~*s~' which corresponds to a global rate of 
ca. 0.3 atomcm~*s~' which is in reasonable agree 
ment with other workers. Comparison with ’Be and 
'7Cs indicated that '’Be precipitation correlates with 
the former but no the latter 

The relationship between solar activity and climate 
is a fundamental but controversial subject [53]. The 
correlation between '’Be production and fractional 
changes in stable isotope ratios for hydrogen and oxy 
gen caused by changes in surface temperature could 
help to address this question. Cosmogenic “Be is 
rapidly deposited on the Earth’s surface, in ca. one 
year. Consequently changes in its production rate are 
reflected in its deposition rate. Comparison of '’Be 
deposited in polar ice cores with '*C: '*C ratios in tree 
rings shows good correlation. Consequently, '’Be de- 
position is a good indicator of solar activity. However, 
no correlation of '’Be deposition was found with 
changes in hydrogen isotope ratios, and, consequently, 
no relationship found between solar activity and cli- 
mate 

Considerable numbers of applications of accelerator 
mass spectrometry involving the measurement of '’ Be 
are now published annually. Access to the literature 
can be gained through the reviews mentioned earlier 
[45,46] and to the proceedings of specialist conferences 
on accelerator mass spectrometry [54,55]. 


4.2. Particle induced desorption mass spectrometry 


lons and neutral species can be desorbed from 
targets by bombarding with heavy energetic ions [56]. 
The yield increases with the square of the stopping 
power of the target, hence the atomic number of the 
projectile to the fourth power [57]. Suitable ions, with 
energies between 0.5 and | MeV per mass unit can be 
obtained from accelerators or conveniently from *?Cf 
isotope sources as fission fragments. Schweikert [56] 
has described the application of a **Cf source and a 
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time-of-flight mass spectrometer for particle or plasma 
induced desorption mass spectrometric analysis of sev- 
eral NBS glass standards. The highly sensitive mea- 
surement of lithium isotopes was illustrated with simul- 
taneous detection of beryllium. While this technique 
has been applied to the determination of large in- 
volatile biomolecules, it clearly has other possible ap- 
plications 


5. Accelerator methods in perspective 


The value of accelerator methods of analysis must 


be judged against other modern techniques of analysis, 
not only in terms of technical performance but also in 
terms of cost and convenience. Recently Maenhaut [58] 
extensively compared particle induced X-ray emission 
methods with other techniques on this basis. While 
beryllium is not practically determinable by X-ray based 
methods, Maenhaut’s review gives a valuable and ex- 
tensive picture of the comparative value of modern 
methods of analysis. Generally accelerator methods are 
expensive when judged on the basis of instrument cost, 
although unit analysis cost can be low and competitive. 
Unless accelerator methods have technical advantages 
their selection as the preferred method is in consider- 
able doubt 

The performance of a number of modern methods 
of analysis is detailed in Table 1. 

The determination of the bulk concentration of 
beryllium in materials can frequently be undertaken 
with sensitivities of ca. 1 pgg' by atomic absorption 
and plasma source emission spectroscopy. While these 
methods are normally used for the analysis of solu- 
tions, with the inconvenience inherent in dissolving 
solid samples and the possible introduction of contami- 
nation, their performance essentially matches that of 
charged particle activation methods. The performance 
of these techniques is clearly bettered by plasma source 
mass spectrometry. When the technique is used with 
laser ablation of solid samples, spatial information is 
obtainable. 

The direct determination of bulk beryllium concen- 
trations in solids can be achieved with extremely high 
sensitivity by glow discharge mass spectrometry. This 
method is of great value in the examination of high 
purity materials such as silicon, however, samples must 
be conducting or made to be conducting. The sputter- 
ing process in the source allows some measure of the 
variation of the surface composition of conducting 
samples. 

Accelerator methods tend to have advantages when 
the distribution of light elements, such as beryllium, 
need to be measured in materials. The ease of quantifi- 
cation of the results when using accelerator methods 
gives them some advantage compared with their princi- 
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Table | 
Comparative data for modern analysis methods for the deter 
mination of beryllium 


Sensitivity 


Method Conditions 





1. Atomic absorption 
(a) Flame x10~” gml Solution 


(b) Graphite furnace x10 Bg Solution 


- ' Solution 


Silicate 
spectroscopy rock 


2. Inductively coupled x 10 gml 


plasma emission x10‘ gg 


Inductively coupled 
plasma mass 
spectrometry 

(a) “Plasma quad” Solution 
(b) “Plasma quad” Solution 
with 

electrothermal 

vaporisation 

“Plasma quad” i gs Silicon 
with nitride 
laser ablation 


13 1 
l l 


“Plasma trace” gml Solution 
(high resolution 


MS) 


Atomic fluorescence; Solution 
hollow cathode 
excitation with 


plasma source 


5. Glow discharge mass f Solids 
spectroscopy (UO,, 
Si, In) 


Auger electron Solids 


spectroscopy (surface) 


X-ray photoelectron Solids 


spectroscopy (surface) 


Secondary ion mass  10'*-10'° atomcem™~?* Solids 
(10~-5-10~° gg~') 


spectrometry 


pal competitor, secondary ion mass spectrometry. The 
latter tends to be more convenient, faster and more 
sensitive, although, its quantification is always prob- 
lematic. The introduction of secondary neutral mass 
spectrometry will probably overcome this difficulty. For 
measurements at surfaces Auger electron spectroscopy 
or X-ray photoelectron spectroscopy will frequently be 
preferred to low energy ion scattering, or may be used 
in a complementary manner. 

At present the sensitivity and selectivity of accelera- 
tor mass spectrometry is unrivalled for the determina- 
tion of '’Be. However, there are expectations that 
methods based on resonance ionisation with laser pho- 
tons will ultimately achieve a sensitivity and selectivity 
that surpass accelerator mass spectrometry [57]. 
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The determination of boron concentration in thin films, semiconductors or other materials requires techniques providing good 
depth resolution and high sensitivities. For this purpose nuclear analysis techniques can be powerful tools and this paper presents a 
review of the nuclear reactions essentially with charged particles (p, a, d) that have been used (including charge particle activation 
analysis). Irradiation with neutrons is also considered, in particular with the very sensitive '° B(n,a )’Li reaction due to the strong 
absorption of neutrons by boron. With the aim to search for reactions producing better depth resolutions, elastic recoil detection 
based techniques (ERDA, ERCS) on boron are discussed. The performances of these nuclear reactions are compared with other 
methods, in particular with SIMS, AES, XPS and, using recent developments, the electronic microprobe 


1. Introduction 


In the field of semiconductors boron is a very exten- 
sively used dopant and secondary ion mass spectrome- 
try (SIMS) is a common technique for profiling such a 
light ion impurity. However boron analysis using nu- 
clear reaction techniques can be of great interest and it 
is Our purpose in this paper to emphasize their analyti- 
cal applications. For instance, as mentioned by Scanlon 
et al. [1] the production of very shallow junctions 
makes it more and more difficult to determine the 
narrow implantation profile of boron. This puts for- 
ward the necessity to use analysis techniques providing 
excellent surface depth resolutions often at the ex- 
pense of sensitivity. In particular, with SIMS it is 
difficult to establish the initial sputtering rate and the 
range of the sputter ions. 

Of course boron implantation concerns not only 
semiconductors but also other materials like metals in 
which it can significantly improve surface properties. A 
typical example is given by Henriksen et al. [2] of the 
boron implantation in single crystal or polycrystalline 
copper samples and of the boron implantation profiles 
using the ''B (p,a) nuclear reaction. So in all these 
cases where the accurate knowledge of boron concen- 
tration profiles is required, the analysis by nuclear 
reactions can offer both the quantitative determination 
and the lateral and depth profiling. 

In this paper, we will try to review surface analysis 
techniques using mainly charged particle bombard- 
ment, which can be used for analytical applications 
either on '’B or on ''B and the literature on this 
subject is important. The abundance of the two iso- 
topes of boron is respectively 19.8 and 80.2% and there 


is inherent advantage in using methods based on the 
more abundant isotope. 

The analysis by nuclear reaction spectroscopy (NRS) 
can be made either by detecting charged particles or 
prompt y-rays and more rarely neutrons. We will dis- 
tinguish the reactions providing good depth resolutions 
or high sensitivities, the choice of the appropriate 
reaction depending on the research aim. We will un- 
derline the possibility of investigating lattice localiza- 
tion with the help of channeling techniques as well as 
of using microprobe facilities to determine boron lat- 
eral distribution. The way chosen to classify these 
nuclear reactions depends on the nature of the inci- 
dent particle. 

Charged particle activation analysis remains how- 
ever very interesting for the determination of traces 
despite the great number of interferring reactions with 
other light elements, in particular oxygen and carbon. 
This technique, which allows to obtain excellent sensi- 
tivities, will be also discussed. 

More recent developments of charged particle de- 
tection allowing light element profiling can significantly 
improve depth resolutions. Such is the case for the 
elastic recoil detection analysis (ERDA) applied, for 
instance, by Gossett [3] to identify C, O, B and N 
elements or for the elastic recoil coincidence spec- 
troscopy (ERCS) [4,5]. Both techniques will be consid- 
ered in this review. 

We will also focus on the '’B(n,a)’Li reaction al- 
though it concerns irradiations with neutrons since it 
combines both an excellent sensitivity and depth reso- 
lution and it has been extensively applied in many 
different fields. Finally the performance of these nu- 
clear reactions will be compared with other methods, 
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which can provide complementary information such as 
chemical information. These techniques are mainly 
SIMS, X-ray photoelectron spectroscopy (XPS), Auger 
electron spectroscopy (AES), glow discharge optical 
spectroscopy (GDOS) and, under more difficult and 
limiting conditions, the electron microprobe. 


2. The “B(n,a)’ Li nuclear reaction 


Although the incident particle is not a charge parti- 
cle, this reaction giving rise to a particles has to be 
mentioned since it has been extensively used in several 
fields, in particular for medical and biological applica- 
tions, for its very interesting features. This reaction is 
based on the very high absorption cross section of 
thermal neutrons by '’B (¢ = 3840 b) and is thus 
extremely sensitive. It yields a-particles of 1776.8 and 
1472.8 keV for a, and a, respectively with an a,/ay 
ratio of 6.7. 

This reaction can be used in different ways: 

(a) Simply by measuring the attenuation coefficient of 
the incident neutron flux using a scintillation 
counting during neutron bombardment from an 
isotope source (for example Am-—Be) [6,7]. The 
analysis is quick and reproducible, and allows for 
example to control production of industrial alloys 
or to determine boron concentration in water sam- 
ples with rather good sensitivity. 

By detecting the prompt y-rays of 478 keV coming 

from the first excited state of ’Li in 93.5% of the 

decays [8]. The detection limits are 10~* to 1 peg 

g' [9]. It is possible to use the influence of the 

Doppler effect on the y energy in order to increase 

the detection sensitivity. In the medical field, the 

boron neutron capture therapy (BNCT) using the 

"Bin,ay)’Li reaction can be mentioned. This 

technique is based on the biological efficiency of 

a-particles and implies the boron concentration 
knowledge in tissues at very low level. Via the 
detection of the prompt 478 keV y-rays, the tech- 
nique is however not sensitive to detect ng amounts 

in wl samples [10]. 

By detecting during the neutron irradiation the 

emitted a-particles. Photographic emulsions have 

been used as detectors in the past, but dielectric 
detectors such as cellulose nitrate films are more 
convenient [11] and images of the boron distribu- 
tion at the sample surface can thus be obtained 

Further concerning the BNCT technique Fleisher 

et al. [12] found that cellulose esters could detect 

charged a-particles in the presence of y-rays and 
thermal neutrons and so by track etching lower 
concentrations could be detected (the lower limit 

for boron determination in cells is = 1 pg B/g). 


Using the thermal neutrons from a neutron guide 
tube (fluxes up to 10'° cm*/s of pure thermal neu- 
trons) of the high flux reactor of the L.L.L. in Greno- 
ble, Fink et al. [13], who examined boron and lithium 
distributions in glaze of ancient pottery, could measure 
'"°B concentration profiles in depth intervals of pm 
with depth resolution as good as 5-10 nm and down to 
concentrations of a few ppm. Also, Behar et al. [14] 
determined the profiles of '°B implants in silicon using 
a Si surface barrier diode to detect the 1473 keV 
a-particles. With this reaction they could, for instance, 
compare the TRIM calculated profiles with the experi- 
mental distributions of 50 keV implanted boron (R, = 
200 nm). 

In conclusion, the use of the (n,a) reaction is espe- 
cially interesting for light elements such as B and Li 
which have no radioisotope with a convenient period. 
This reaction is very sensitive as well as allows depth 
profile determination, but the necessity to use intense 
neutron beams is however a limiting factor. 


3. Charged particle activation analysis of boron (CPAA) 


CPAA is a powerful method and a very convenient 
technique for the determination of light elements like 
B, C, N and O. It is based on the production of 
artificial radioactive nuclei, often positron emitters eas- 
ily detectable by their annihilation radiation. In a gen- 
eral book on CPAA. Vandecasteele [15] gives an 
overview of the possible nuclear reactions for the de- 
termination of boron and of the interference reactions 
(see table 1). The interference reactions are those 
producing the same element as the one on which the 
analysis is based. From this table, it appears that the 
activation with the various charged particles (p, d, a, 
*He) often leads to the production of the pure positron 
emitters '°N and ''C (of respectively 9.96 and 20.38 
min of half-life). The selective detection of these pure 
B* emitters necessitates chemical separations. The risk 
of interferences, not always overcome, due to the cre- 
ation of the same element from the stable atoms pre- 
sent (C,N,O,etc.) requires a judicious choice of both 
the nature and the energy of the incident particles. For 
instance the interference with nitrogen, when analyzing 
boron, increases when the proton energy is high [16]. 

In general, the best selectivity is obtained with the 
deuterons, which avoid interferences if the energy is 
lower than 6 MeV. The deuteron induced nuclear 
reaction “’B(d,n)''C is suitable to determine traces of 
boron. Its maximum cross section amounts to 230 mb 
at E, of 2.2 MeV. Michelmann et al. [17] have meas- 
ured the excitation function of this reaction, together 
with that of the 'C(d,n)'°N, with high accuracy in 
order to analyze simultaneously boron and carbon 
traces, between 0.5 and 6 MeV. 
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An accurate knowledge of the boron concentration 
is necessary to control the refining process in Al and 
Al-Mg alloys used as construction materials in nuclear 
industry [15]. For that purpose, Mortier et al. [18] have 
developed an industrial control method using the 
B(d.n)''C reaction. This method was developed 
mainly for the analysis of reference materials to be 
certified by the community bureau of reference of the 
Commission of the European Communities. This reac- 
tion on '’B is almost always mentioned in recent 
publications dealing with the determination of boron in 
metals and semiconductors. This is also the case for 
the nuclear reactions leading to ’Be which emits 477.6 
keV y-rays. For instance, with the 'B(p,a)’Be and 
B(d,an)’Be reactions, the long half-life of ’Be(52.23 
d) allows a simple analysis when Li is not present in 
the target [15,8]. 

The best sensitivities are generally obtained with 
the protons [16] and in particular the ''B(p,n)''C reac- 
tion yields the highest sensitivity but with the drawback 
of the '*N(p,a)''C interference reaction. Pillay et al. 
[8] show that the '’B(p,n)'°C reaction can be a sensi- 
tive analytical technique: by using the B-y coincidence 
detection between the B-particles above 1 MeV and 
the 717 keV y-rays from the '’C excited level they 


Table 1 
From ref. [15]: Nuclear reactions for the determination of 
boron. The threshold energy is given in brackets 





Nuclear reaction Interference reaction 


"B(p,n)''C 





4N(p.a)'C G1) 


Bid.n)''C 
'B(d.2n)''C 


2odvy'C (14.5) 
4N(d,an)!'C (5.8) 


BC He,d)''C 
'BCHet)''C 


*Be(*He,n)''C (Q>0) 
'OCHe,a)'"'C (Q>0) 
4N(CHe,ad)''C (10.2) 
'OCHe2a)''C (6.3) 


2O(a,t)'°N (23.8) 
4 N(a,an)'3N (13.6) 
©O(a,at)N (26.7) 
O(a,’ Li) N (28.2) 
9 F(a .2a@2n)4N (34.5) 
F(a,’ Be)'3N (19.5) 


Ba,n)'?N (Q>0) 
''B(a,2n)'9N (14.2) 


'B(p,a)’ Be 
''B(p,an)’ Be 


’Li(p,n)’ Be (1.8) 
*Be(p,t)’ Be (14.9) 
2C(p,pan)’ Be (28.5) 
'4N(p,2a)’ Be (11.3) 


'°B(d,an)’ Be 
'' B(d.a2n)’ Be 


°Li(d,n)’ Be (Q>0) 
’Li(d,2n)’ Be (5.0) 
*Be(d,tn)’ Be (21.5) 
2C(d,ap2n)’Be (33.3) 
'4N(d,2an)’ Be (14.5) 





' in matrices 


could detect boron levels below 100 wg g 
such as high purity aluminum. 

It can be mentioned that Friedly et al. have ana- 
lyzed boron using the B('*O,x)*’Mg reaction with 125 
MeV '*O ions! [19]. In addition, one can notice that 
'°B has been used for hydrogen analysis by CPAA with 
the 'H('°B,a)’Be reaction, allowing to detect 30 to 100 
wg of hydrogen per g of titanium for example. 

The activation using 3.5 MeV tritons on light ele- 
ments (Z < 34) has been studied, in particular by J.N. 
Barrandon and coworkers, using (t,p), (t,d), (t,2n), (ta) 
reactions. It appears that for elements with Z < 16, the 
sensitivity can be excellent (10~” to 5 x 10~* g/g). The 
penetration depth of 3.5 MeV t being relatively low 
(~ 30 um), it is possible to realize localized analysis 
[20,21]. 


4. Nuclear reactions on boron induced by low energy 
protons 


The analytical applications of nuclear reactions in- 
duced by protons of energies ranging from 400 to 1500 
keV on light elements have been reviewed by Golicheff 
et al. [22] and as developed by Ligeon et al. [23], in the 
case of ''B analysis, the reactions induced by protons 
have the largest cross sections and the minimum com- 
peting interferences with the semiconductor matrices 
(Ge,Si). Fig. 1 gives a schematic representation of the 
different possible reactions between protons and ''B at 
low energies. The ones more interesting and used for 
analytical applications have been underlined with 
thicker lines. 

Among these reactions the ''B (p,y)'*C at 163 keV 
(fig. 1(1)) is particularly interesting for depth profile 
analysis due to its narrow resonance (J° = 5.5 keV) and, 
for instance, has been used to determine ''B implanted 
profiles in silicon by Behar et al. [14]. The emission 
percentage of the y-rays is the following: 4.43 MeV 
(96.5%), 11.68 MeV (96.5%), 16.11 MeV (3.5%). The 
4.43 MeV peak is easily identified despite some possi- 
ble interference reactions. However the low cross sec- 
tion (ao = 0.157 mb) results in a small peak-to-back- 
ground ratio. 

Pruppers et al. [24] have determined boron concen- 
trations in thin films of hydrogenated amorphous sili- 
con by means of this resonance. They obtained a depth 
resolution better than 50 nm and could measure con- 
centrations of dopant down to 100 ppm by detecting 
the 4.43 MeV y-rays. 

The PIGE (proton induced y-ray emission) tech- 
nique based on the detection of y-rays emitted from 
(p,y), (p,p’y) reactions is also very suitable for the 
analysis of light elements like Li, B, F, Na, Mg and Al 
[25,26]. Boni et al. [25] have plotted the excitation 
functions of the '’B(p,a,y)’Be and ''B(p,p,y)''B for 
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Fig. 1. Schematic representation of possible nuclear reactions with protons on ''B. Thicker lines emphasize the origins of the 
nuclear reactions that can be used for analytical applications. 


respectively, the 429 and 2125 keV y-rays emitted 
between 2.6 and 3.8 MeV incident proton energies. 
The purpose of their work was to find out an energy 
region where the y yield was high and constant so as to 
set up an analytical system for multielemental analysis 


of samples of unknown thickness and composition. In 
spite of a higher cross section for the 429 keV y-rays, 
the 2125 keV ones are more interesting when Li is 
present due to identical y energy emission. 

With the ''B(p,a) reaction the sensitivity is much 
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Fig. 2. Energy spectrum of a-particles emitted from the '' B(p,a)2a reaction at 660 keV, on a 30 keV boron implanted steel. 
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better. Several reactions have to be considered. First, 
let us consider the ''B(p,a) at 660 keV. At this energy 
the resonance is large (J. = 300 keV) and so does not 
provide any depth resolution. However the ''B(p,a)2a 
reaction (fig. 1(2)) can be a powerful method for the 
detection of trace quantities of boron due to its high 
cross section (ao = 300 mb). The a-particles produced 
belong to several groups: the a,-particles which have a 
3.63 MeV energy at 172° and the a,,- and a,,-particles 
with energies varying from 4.48 MeV to 6.2 keV. In 
fact the 3a are detected together. A typical spectrum 
of such a particle detection from this reaction used to 
analyze a boron implanted steel is displayed in fig. 2 
(from ref. [27]). 

The applicability of this reaction at this energy has 
been studied by Lappalainen et al. [28] who were able 
to go down to detection limit values of 0.1 wt. ppm for 
B analysis in biological samples. Compared with other 
nuclear reactions, the (p,a) is interference free and 
allows quick measurements with very good sensitivities 
(at the ppm level or even below). 

Because of its high sensitivity, this reaction has been 
used by Vickridge et al. [29] with a nuclear microprobe 
facility (beam spots of 30-80 ym diameter) to obtain 
boron distributions in coals. These authors used pro- 
tons in the range 700-850 keV. An example of the 
maps they obtained is displayed in fig. 3. 

It can be noticed that this resonance at 660 keV was 
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also used by Henriksen et al. for lattice location analy- 
sis of implanted boron atoms in single crystal samples 
of copper [2]. 

The ''B(p,a,)*Be reaction at 660 keV (fig. 1(3)) has 
a very low sensitivity compared with the ''B(a,) and is 
not interesting. 

An appropriate reaction for depth profiling is the 
''B(p,a) at E, of 163 keV due to the narrow energy 
width of the resonance (I’=6 keV) (fig. 1(4)). This 
reaction has been chosen by Henriksen et al. [2] to 
profile boron in copper up to depths of 500 nm. Other 
authors [30-32] have measured implanted boron in 
silicon wafers with this resonance by detecting only the 
ao-particles from the '' B(p,a,)*Be reaction. In fact the 
*Be is an unstable nucleus which decays with a half-life 
of about 10° '® s to two a-particles and Scanlon et al. 
[30] shows that the a, peak detection (5.5 MeV) is 
convenient since it is well isolated from the other a. By 
tilting the target they could significantly improve the 
resolution down to 10nm. Li Xiting et al. [33] have 
used a more energetic resonance at 2.62 MeV incident 
proton energy of the ''B(p,a,)*Be reaction. They ob- 
tained a surface depth resolution of about 50 nm and 
could profile boron on 4 ym depths in silicon (fig. 
1(5)). 

It may be added that ''B is used to analyze hydro- 
gen by the inverse nuclear reaction 'H(''B,a)*Be at 
1793 keV. 
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Fig. 3. From ref. [29]: Boron distribution in a polished section of Waikato coal measured by the nuclear microprobe using the 660 
keV broad resonance of the ''B(p,a)2@ reaction (beam spot ~ 30-80 um diameter). 
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5. Deuteron-induced nuclear reactions 


Reactions with deuterons are often very exoergic 
and consequently the emitted particles can be easily 
measured. In the case of (d,p) reactions, a stripping 
process occurs due to the low binding energy between 
the p and the n inside the deuterium nucleus and the 
deuterons do not give rise to resonant reactions (there 
is no formation of a compound nucleus). In general, 
due to the low stopping powers of protons, the depth 
resolutions resulting from these reactions are poor. In 
addition, the necessity to use sometimes an absorber to 
stop backscattered deuterons also contributes to dimin- 
ish the depth resolutions. 

The advantage of the reactions with deuterons is 
their good sensitivity especially with the (d,p) reactions. 
The most likely reactions yielding prompt charge parti- 
cles when bombarding with deuterons of a few MeV 
are the (d,p) and (d,a) reactions (table 2 from ref 
[34)). 

Olivier et al. [35] who analyzed boron by prompt 
proton spectrometry showed that with 2.7 MeV 
deuterons the '’B(p,) reaction displayed an almost 
constant cross section and this reaction was chosen for 
analytical purpose since it allowed to obtain the least 
interference. Concentrations down to 0.2% could be 
determined. Coetzee et al. [34] have used the 
B(d.p)''B and ''B(d,a)’Be reactions using 4 MeV 
incident beams and a coincidence setup detecting the 
recoil nuclei (see section 8 on recoil nuclei). They 
could thus establish the isotopic '°B/ ''B ratio in boric 
oxide samples. In order to facilitate the escape of the 
product nucleus without excessive loss of energy, the 





14) 


Table 2 
From ref. [34]: Some nuclear reactions induced during 
deuteron irradiation of boron 





Reaction Q value [MeV] 
‘Bid,p)"'B 9.2314 
Bid.a)2a 7.8192 
"'B(d,p)'*B 1.14444 

'' Bid,a)*Be 8.0283 
'B(dan)2a 6.3632 








targets were very thin. This technique, which allows an 
excellent specificity with almost no interference, was 
able to give a relative precision in the determination of 
isotopic concentration of 2.5%. 


6. a-particle-induced nuclear reactions 


The main possible analytical applications of the a 
induced nuclear reactions on 'B and ''B are pre- 
sented in figs. 4 and 5 respectively and are reviewed 
here successively. 

Among these reactions, those inducing y-rays allow 
high accuracy analysis. In fact the a-particles are the 
most appropriate to produce a limited number of reac- 
tions giving high energy y-radiation and consequently 
to reduce the Compton background. These reactions 
have been in particular investigated by Borderie et al. 
[36,37] to analyze light elements like Li, F, O, Na and 
B in different materials (geological materials, pottery, 
rocks, boron carbides, etc.). They used 3.5 MeV a-par- 




















Fig. 4. Schematic representation of possible nuclear reactions with a-particles on '’B. 
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Table 3 
From ref. [36]: Reactions on boron used for elemental analysis 
using 3.5 MeV a-particles 





Nuclear 
reaction 


Emitting y-ray energy 
nucleus [keV] 


Experimental 
detection limit 
[ppm] 

in Nb in quartz 
Bia,py) C 169 15 90 
Bia,ay) '“B 717 25 160 








ticles in order to limit the nuclear reactions to very 
light elements and detected the produced y-rays with a 
Ge(Li) detector. 

The nuclear reactions occurring on boron are given 
in the table 3 (from ref. [36]), as well as the detection 
limits and the detected y-ray energies. 

The y detection, with the main advantages of being 
rapid, simple and nondestructive, allows a quantitative 
analysis with a precision better than 5%. 

In the case of high energy ion implantation, of 
increasing interest in semiconductor technology, there 
is no real necessity to use nuclear reactions giving good 
depth resolution, the sensitivity being a more interest- 
ing requirement. Such characteristics are obtained with 
the ''B(a,n)'*N reaction used in particular by Ooster- 
hoff [38] and Vos et al. [39]. These authors have 
profiled implanted B in the energy range from 0.1 to 

















0 


Si) 


1.5 MeV in silicon wafers. In ref. [39] the depth profile 
was measured using the 2060 keV resonance which has 
no neighbouring resonance within a few hundred of 
keV. The Q value of the reaction is 0.1574 MeV 
resulting in a neutron energy of 2.07 MeV at 0°. The 
neutrons are detected with an organic scintillator de- 
tector. The width of the resonance peak is 45 + 3 keV, 
which provides a depth resolution in silicon of the 
order of 200 nm. This performance, as mentioned 
above is not very good but sufficient compared with the 
range of the 1 MeV implanted boron ions (up to 2 
um). The detection limit is around 10'?/cm’, i.e. ap- 
proximately 100 ppm. 

McIntyre and co-workers have investigated the use 
of the (a,p) reaction on both isotopes of boron [40] 
with incident a-particle energies below 4 MeV for 
determining the boron content in thin films and show 
that many broad resonances exist between 1.4 and 3.5 
MeV in the relative yield of ground state protons of 
this (a,p) reaction. They have used the 2.3 MeV reso- 
nance on '’B to determine the boron content in thin 
films. The (a,p) reaction had already been used by 
Olivier et al. [41] to determine boron distribution in 
metal samples using a nuclear microprobe, also on 
both isotopes. The incident a-particle energy chosen 
was 2.67 MeV. Irradiations on steels of known boron 
content allow calibration of the technique. The micro- 
probe facility (beam =16 ym) allows to establish 














Fig. 5. Schematic representation of possible nuclear reactions with a-particles on ''B. 
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Fig. 6. Excitation function (at @,,,, = 172°) of the ''B(a,a) reaction between 3.5 and 7.5 MeV a incident energy 


quickly both the boron distribution and the isotopic 
composition. 

Finally another method can be mentioned which is 
the nonclassical way to use elastic scattering and is 
called nuclear backscattering spectroscopy. It allows in 
particular to profile light elements in heavy matrices. 
This technique is based on the fact that at higher 
energies it is possible to take advantage of the in- 


creased cross sections (a0) due to the formation of 
compound nuclei. It has been shown for example that 
oa could be increased by a factor of 80 at 5.7 MeV and 
of 150 at 7.5 MeV for "*Cla,a)'"*C and O(a,a)'*O 
reactions respectively [42]. In the case of boron analysis 
it has been shown [27] that an energy region ranging 
between 5.92 and 6.04 MeV could be used for analyti- 
cal applications. Fig. 6 represents the excitation func- 
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Fig. 7. Analysis of a TiB, layer deposited on AISI M2 steel using the '' B(a.a) reaction at 6.04 MeV. Comparison of experimental 
and simulated spectra. 
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Fig. 8. Experimental spectra of backscattered a-particles on a boron implanted steel at two energies of incident a-particles: 
E = 6.04 and 6.60 MeV. O and C contaminations appear clearly. 


tion of the ''B(a,a)''B reaction. The o value at 6.04 
MeV is 45 times the @putherforg Which allows a good 
sensitivity (4 at.% in nickel) and the depth resolution 
has been found to be 20 nm in Ni. This reaction was 
used to determine the stoichiometry of TiB, layers 
deposited on steels (fig. 7) as well as implanted boron 
profiles in steels (fig. 8). The results and performances 
obtained with this reaction, when compared with those 
of ''B(p,y) reaction at 163 keV, offer a good agree- 
ment. The great advantages of nuclear backscattering 
are the rapidity, the practical aspect of the technique, 
and the use of internal standards for quantitative mea- 
surements. 


7. Reactions with *He 


Pillay et al. [43] have examined the possibility of 
analyzing light elements and in particular boron by 
detecting the prompt high energy y-rays (> 4 MeV) 
originating from *He* ions bombardment [(*He,ny), 
(*He,py), (He,ay) reactions]. They present in these 


proceedings the applicability of the technique in high 
purity metallurgical matrices. 


8. Recoil nuclei detection 


The elastic recoil detection analysis (ERDA) is now 

a well-established technique [44,45] for providing high 
depth resolutions. This technique is suitable for light 
element analysis and consists in bombarding the light 
target nuclei to be detected by heavier nuclear projec- 
tiles. There are several possible methods to identify 
unambiguously the recoil atoms in addition to their 
energy determination: 

(a) By time of flight. 

(b) By differential energy loss (E, AE) as for instance 
described by Petrascu et al. [46], who used high 
energy S beams (70 MeV) to analyze boron. The 
sensitivity obtained in silicon wafers for boron was 
3.4 10'° atoms cm~* and the profiles could be 
performed on 4 pm. 
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(c) By measuring the energies of both the scattered 

and the recoiled atoms in time coincidence, it is 
possible to increase the sensitivity of the technique. 
Already in 1975 this technique was used under the 
name CMCP in particular by Coetze et al. [34] to 
determine the boron isotopic ratio. H6fsass et al. 
[4,5] have proposed to use this method, which they 
call ERCS (elastic recoil coincidence spectroscopy), 
to profile simultaneously different light elements 
like B, C, N, and O, in thin film samples, with a 2 
MeV *He®* incident beam. More precisely, in ref. 
[5], they have analyzed a thin silicium crystal im- 
planted with boron. Compared with ERDA, the 
sensitivity can be increased by 2-3 orders of magni- 
tude; on the other hand, in the case of the ERCS 
technique the samples have to be in the form of 
self-supporting films (<2 ym thickness) and this 
constitutes an important limiting factor. A limiting 
factor for depth resolution is also the energy reso- 
lution of surface barrier detector for heavy ions. In 
the mentioned example, the depth resolution is 
about 50 nm. Since very low beam currents are 
available (<1 nA) the use of microbeams is 
achieved. 
By magnetic analysis which can significantly in- 
crease the depth resolution. In ref. [3] Gossett 
reports the study of BN thin films using 3 MeV 
*He particles. At this energy where o are nuclear, 
a quantification of the composition profiles re- 
quires standards for each analyzed element. The 
obtained surface depth resolutions can be as good 
as a few nanometers. 


9. Comparison with other techniques — Discussion 


The nuclear reaction analysis presents some very 
interesting advantages that make it a powerful tech- 
nique: 

it allows quantitative analysis; 

it provides good depth resolutions and high sensitivi- 

ties under well-chosen conditions; 

it is nondestructive; 

it can give crystallographic information by lattice 

localization on single crystal using channeling; 

with microprobe facilities it enables the determina- 

tion of elemental surface distributions. 

However this technique does not bring any chemical 
information for instance and is often considered as 
complicated and expensive. We will now examine the 
use that has been made of other boron analytical 
methods using low energy ions (secondary ion mass 
spectroscopy (SIMS), resonance ion mass spectroscopy 
(RIMS)), electrons (electronic microprobe, Auger elec- 
tron spectroscopy (AES)) and photons (X-ray photo- 
electron spectroscopy (XPS)). 











1 li 1 
194 90 (86 182 


BINDING ENERGY (eV) 





Fig. 9. From ref. (49): XPS B Is peaks of a 4 keV Nj 


bombarded boron sample after different exposures indicated. 


SIMS has been extensively used for investigation of 
boron concentration in semiconductors [31,38,47] since 
it can probably offer the lowest detection limits. The 
depth profiling detection limits for ion implants in 
silicon obtained by SIMS using O; bombardment are 
in the 10'*-10"° atoms cm~? range [48]. 

SIMS is supposed to provide an excellent depth 
resolution (potentially) but its main disadvantage is its 
nonreliability in this field (uncertainty in rate speed, 
hence in depth scale). 

Stiller [47] has demonstrated the existence of boron 
both in the matrix and at grain boundaries in nickel 
alloy containing boron impurities (0.08 wt.%). In fact 
using O; primary ions, he was able to show the boron 
distribution at grain boundaries. 

With the same primary beam, Oosterhoff [38] has 
performed boron implantation profiles (10'° /cm?, from 
100 to 900 keV boron energy). This technique was used 
together with two complementary techniques: capaci- 
tance voltage profiling and NRA. 

XPS and to a lower extent AES <an give chemical 
information. Their use is illustrated in ref. [49]. The 
authors have put forward the BN formation when 
bombarding boron with Nj ions (0.5-4 keV). Fig. 9 
illustrates the XPS B Is peak of a 4 keV NJ bom- 
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Fig. 10. Binding energies corresponding to the various chemical states of boron (B Is peaks) for X-ray photoelectron spectroscopy 
experiments. 


BORON NITRIDE BULK 


- NITROGEN 








BORON NITRIDE THIN FILM ON COPPER 


SEN ---) 


NITROGEN -- 


BORON --)> 


NOISE | 


4- 8.8808 8.638 -» 




















































































































Fig. 11. Ka peaks corresponding to the analysis of a boron nitride bulk and a boron nitride thin film deposited on copper using the 
analytical electron microprobe [50]. 
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barded boron sample at different doses. The shift of 
the B Is peak characteristic of the elemental state of B 
to the BN chemical form clearly appears when the 
dose is increased up to 3.5 x 10'’ NJ cm~?. The B Is 
peaks of the different boron compounds are shown in 
fig. 10. Mezentzeff et al. [11] have been able to deter- 
mine with both AES and XPS the [N]/[B] ratio using 
standard procedures. The detection limits of the AES 
technique are however much higher than those pro- 
vided by SIMS (10'’ atoms cm~* under the same 
conditions as mentioned above [48)). 

The analytical electronic microprobe can also pro- 
vide interesting information, although it is used under 
limiting conditions in the case of boron analysis 
(necessity to use a windowless or a very thin window 
detector). The fluorescence yield is extremely weak 
(w, = 7.1+ 1.8 x 10~*) and the X-ray peaks appears 
around 180 eV. 

Fig. 11 illustrates the possibility of determining the 
stoichiometry of a thin BN layer deposited on copper 
using a bulk BN standard sample (from ref. [50]). The 
detector used in this experiment is a quantum detector 
from KEVEX with a 142 eV resolution. The stoichiom- 
etry determination necessitates the background sub- 
traction from oxygen and carbon peaks (which are 
strong contaminations) and a deconvolution of the B 
and N peaks. By integrating these last 2 peaks under 
the same conditions on both the bulk and the thin 
layer samples, it is possible to demonstrate that the BN 
thin layer has a stoichiometric composition. 

The increase use of the GDOS technique in the 
industry can be mentioned. It suffers from the same 
difficulties as SIMS for quantitative analysis. However 
in a few minutes it allows to obtain simultaneously the 
distribution profiles on several yg depths of around 15 
elements. The detection limit for boron analysis is of 
the ppm order of magnitude. 
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On the determination of carbon using charged particle accelerators 


R.D. Vis 


Faculty of Physics and Astronomy, Free University, Amsterdam, The Netherlands 


In this paper, various aspects of the determination of carbon with beams of charged particles are discusse J. Although initially 
analyses were performed with several forms of activation analysis, at present the majority of the work is done with in beam 
techniques, such as nuclear reaction analysis and prompt radiation analysis. Some methods for the determination of isotopic ratios 


will also be described. 


1. Introduction 


Quantitative determination of carbon and its distri- 
bution are of importance in various areas of science. 
The quality of steel, weldings and resistance against 
corrosion depend for a great deal of the proper carbon 
concentration and its homogeneous distribution. 

In biology, carbon is of course a major element. 
Nevertheless, the determination of carbon in the hard 
tissues bone and teeth is of importance as the organic 
fraction plays an important role in these tissues. A nice 
example of the use of a stable tracer to follow bio- 
chemical processes is the use of °C build in a suitable 
compound and analyzed after the metabolic process of 
interest with a suitable nuclear reaction. Especially if 
one can obtain the distribution of °C in a biological 
section, one can study these metabolic processes in 
great detail. Sometimes, signals originating from car- 
bon are used for the normalization of trace element 
determinations in biological samples. Nuclear back- 
scattered protons are used to normalize the trace ele- 
ment signals to the amount of biological material irra- 
diated. 

In geology, inclusions, and especially the fluid ones 
are analyzed for carbon compounds. Also in mete- 
orites, the abundance of carbon is extensively studied 
to reconstruct the cooling history of carbonaceous and 
ordinary chondrites. In archeology, carbon of course is 
crucial for the determination of the age of a variety of 
subjects, for which purpose accelerators are being used 
as sophisticated mass spectrometers capable of deter- 
mining ultra-traces of '*C. 


2. Nuclear reactions used 


2.1. Charged particle activation analysis 


Initially, activation analysis with charged particle 
beams has been used to determine carbon. On “C 
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reactions of the type (d, n), (He, a) and (p, pn) were 
commonly used. The (p, pn) reaction has been studied 
in great detail, the excitation curve is known within an 
accuracy between 3 and 5% [1] and this reaction has 
been used as a standard for measuring other excitation 
functions. The disadvantage of these reactions is that 
the products are pure positron emitters, necessitating 
unfolding procedures to extract the isotope with the 
right half life. Standardization has been done with the 
numerical integration method [2] using excitation func- 
tions from literature or by using appropriate standards. 

An attractive option for activation analysis is the 
use of the (*He, n) reaction on 'C, leading to '*O with 
a half-life of 71 s which emits 2.31 MeV y-radiation 
during its decay. Activation analysis with *He particles 
was described in detail by Ricci et al. [3] who reported 
detection limits down to 1 ppm for carbon. 

The '*C(?He, a)''C reaction has been used by Mis- 
aelides et al. [4] for the determination of C in semicon- 
ductors. In this work, and more extensively in the work 
of Liebler et al. [5] the excitation function of this 
reaction is given. The (d, n) reaction, leading to '*N as 
final nucleus, was investigated by Michelmann et al. 
[6]. The cross section of the latter reaction is slightly 
smaller than the values for the *He induced one. 

For these analyses, high beam currents are needed 
to introduce sufficient radioactivity. Real microanalysis 
is not conceivable since the currents in microbeams of 
charged particles are generally too low for activation 
analysis. Therefore, in beam reactions are commonly 
used for microanalysis and for the measurement of the 
distribution of carbon in given samples. 


2.2. In beam techniques 

In beam techniques are characterised by the fact 
that measurement of radiation occurs during the irradi- 
ation. Rather arbitrarely, a subdivision is made in 


nuclear reaction analysis (NRA) in case particles are 


Il. REVIEW PAPERS 





/ Determination of carbon using charged particle accelerators 





T STEEL 











TIME ( nours) 
Fig. 1. Carbon build up during deuteron irradiation on differ- 
ent surfaces. Measurements were done using the '*C(d, p,)'°C 
reaction. 1.4 MeV deuterons were used with a beam current 
of 100 pA. 


detected and prompt radiation analysis (PRA) in case 
y-radiation is detected. A further division is made into 
resonant and nonresonant reaction analysis, dependent 
of whether or not a resonance in the excitation func- 
tion is used. 

Before going into the details of these reactions, two 
problems associated with the in beam analysis of car- 
bon are mentioned. As most nuclear microprobes does 
not operate under ultrahigh vacuum conditions, in- 
evitably carbon build up will occur caused by cracking 
of thin layers of hydrocarbons on the sample surface 
during the irradiation. Makjanic [7] studied this build- 
up in the Amsterdam nuclear microprobe during dif- 
ferent conditions and on different surfaces. Cleaning 
the vacuum chamber and placing a cold trap near to 
the sample holder gave some improvement but, al- 
though the whole system was pumped with turbo- 
molecular pumps down to 107° Pa still a deposition 
rate of 5 ngcm~? min~! was observed. For the results 
obtained on different surfaces, see fig. 1. It is most 
likely, that differences found for different materials are 
caused by the different emission rate of secondary 
electrons by these materials. These electrons are the 
main cause of cracking of adsorbed organic material. 
The build-up rate is also known to be temperature 
dependent; cooling of the target will reduce the depo- 
sition rate. 

A rather peculiar phenomenon has been observed 
by Freund et al. [8] and Van der Stap [9]. In an olivine 
matrix, carbon tends to occur in a concentration gradi- 
ent with higher values near to the surface of the olivine 
crystals. The temperature dependence of these gradi- 
ents has been studied by Freund et al. while Van der 
Stap measured that after polishing the fresh surface 
which is initially low in carbon becomes carbon richer 
just by waiting several hours. The higher matrix carbon 
concentration in the carbonaceous chondrite Allende 
as compared with the C-concentration in inclusions as 


chondrules was explained by the finer grain size of the 
matrix with an associated larger surface area accommo- 
dating more carbon. This increase of surface carbon 
after polishing could clearly be distinguished from the 
carbon build up mentioned before, because it is a 
much larger effect. 


2.2.1. Proton induced reactions 

One of the first examples of the use of in beam 
analysis of C was the proton capture reaction on 'C, 
producing around 2.3 MeV y-radiation [10]. This 
'2C(p, y)'°N reaction was used to analyze steel sam- 
ples. Rudolph et al. [11] used the same reaction for the 
simultaneous investigation of carbon layers on the sur- 
face and at the interfaces of solids, the so called buried 
layers. The large resonance at 0.457 MeV (I = 36 keV) 
and depth dependent proton energy within a thick 
target lead to the emission of y-ray quanta whose 
energies are also depth dependent. In fig. 2 results of 
these measurements are shown. Note, that at beam 
energies well above the resonance the y-ray caused by 
the 'C(p, y)'*N reaction shows up clearly opening up 
possibilities for the measurement of isotopic ratios, 
especially since the cross section of the latter reaction 
is considerably higher. 


2.2.2. Deuteron induced reactions 

For NRA with particle detection, virtually only 
exothermic reactions have potential use for trace anal- 
ysis. With a positive Q-value, the emitted particle has a 
higher energy than the incoming beam, which conse- 
quently facilitates detection of these emitted particles 
interference free from nuclear or Rutherford scattered 
particles. Options available are the use of deuteron 
beams (by far the most widespread method for C-anal- 
ysis) and *He beams. 

Deuteron induced reactions on carbon has been 
studied in detail [12-14] for bombarding energies be- 
tween 0.5 and 2.0 MeV. The (d, n) reaction was stud- 
ied by Bennett at al. [15] but this reaction is due to its 
negative Q-value (Q = —0.28) not very suitable for in 
beam analysis. Of much more interest are the 
2O(d, py)°C (Q = +2.73) and "C(d, p,y)°*C (OQ = 
—0.37), the latter being used for the PRA method 
using the y-emission. In fig. 3 the excitation function 
for the reaction to the ground state is given for 4 
different scattering angles. It is clear from the figure, 
that backward angles are favourite. This is because 
both the cross section reaches its highest values and 
the number of elastically scattered deuterons is de- 
creasing towards backward angles. Kashy et al. [14] 
also give angular distributions of the ground state 
protons and the excitation function for the 
'2C(d, p,y)'"**C reaction measured at ¢ = 80.5°. 

Pollard et al. [16] give proton spectra for the deu- 
terium induced reaction on BaCO., both natural and 
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enriched in '*C. The bombarding energy was 1.3 MeV 
Studied were also possible interferences which were 
quantified for the elements Li, N, B and F for bom- 
barding energies between 1.2 and 1.6 MeV. The sensi- 
tivity for the analysis of '°C is, however, more than one 
order of magnitude lower than for '*C, which reduces 
the possibility of measuring small enrichements of the 
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neutrons from '“O to be detected) which increases the 
sensitivity considerably opening possibilities to detect 
small variations in the '*'*C isotopic ratio. 
y-detection during deuteron bombardment in- 
creases the selectivity and can avoid possible interfer- 
ences while detecting protons. y-detection, however, 


leads to a poorer sensitivity, partly as a consequence of 
the reaction cross sections involved and partly as a 
consequence of y-ray detector efficiency. Pollard et al. 
[16] studied interferences and found spectral interfer- 
ence from deuteron induced reactions on Be, S and 
Mg. At the price of less sensitivity, one may choose 
other y-transitions to avoid these overlaps. Lenglet et 
al. [17] used (d, py) reactions on C and O to measure 
mass loss during the irradiation of biological samples 
to be analyzed for trace elements. 


'3C jsotope while f.i. used as a stable tracer. 

A very selective reaction for the detection of '*C is 
O(a, n)'°O. In forward direction neutrons are emit- 
ted of 3.7 MeV while irradiating with 2.8 MeV *He *- 
ions. Only ’Be produces higher energetic neutrons but 
with a very small cross section. Measuring neutrons 
above a threshold of about 3.5 MeV enables to meas- 
ure '°C selectively. If no B is present in the sample one 
is able to lower the threshold to 2 MeV (to avoid 
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Fig. 2. Measured y-ray spectra from '*C(p, y)'°N, taken at incident energy (E“) near the 0.457 MeV resonance. Clearly separated 
y-ray peaks are observed for the sandwich target (insert in c) at proton energies 0.477 (c) and 0.457 (d). (Data taken from ref. [11]) 
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The excitation function for the (d, p,) reaction on '*C 
at 4 different angles. (Data taken from ref. [14]) 


2.2.3. 3He-induced reactions 

Reactions of the type (He, p) on both C isotopes 
have lower cross sections than the deuteron induced 
ones. The cross section for the reaction '*C(*He, p)'°N 
increases slowly with increasing beam energy [18,19]. 
Spectral interference occurs between the ground state 
protons from '*C and the p, and p, groups from ‘°C. 
Interferences from other elements under *He bom- 
bardment are studied by Bromley et al. [20] and are 
most severe for the elements Be, Li, B and N. 


2.2.4. Elastic scattering 


Cross sections for Rutherford scattering increase 
with increasing atomic number Z. Therefore, detection 
of light elements is not very sensitive, especially not if 
the matrix is from a higher Z material. To avoid the 


C-peak riding on a huge background, specimens should 
be very thin. For RBS, *He-beams from 1 or 2 MeV 
are commonly used. It should be noted, that, especially 
at large scattering angles, strong deviations can occur 
from Rutherford cross sections due to nuclear effects 
and for C the acronym NBS is more appropriate [21,22]. 

The situation for the light elements can be im- 
proved considerably by performing elastic recoil detec- 
tion (ERD) during which beams are impinging at 
oblique angles and recoil atoms ejected from the sam- 
ple are measured at forward angles. During this tech- 
nique, it is possible by placing a thin foil in front of the 
detector to stop heavy recoil atoms and find an opti- 
mum in the sensitivity curve around carbon. This 
method works satisfactorily in case surface layers have 
to be analyzed; due to the small angles of incoming 
and outgoing particles, the probed layer is very thin. 
To avoid particles from the beam reaching the detec- 
tor, for light element analysis very often beams of 
heavy ions such as **Si°* are used. These ions will also 
stop in the absorber foil placed in the detection path. 


2.2.5. Position information 

Information about the position of carbon can be 
obtained by using a well focussed incoming beam. 
Beams below | ym with sufficient current for analysis 
are now available at a few places [23,24]. Scanning 
procedures in combination with advanced software 
packages enable to produce elemental maps with this 
lateral resolution. 

All techniques described above also give depth in- 
formation. Using NRA, detailed knowledge of the exci- 
tation function combined with a known composition of 
the matrix and thus a known stopping power enable to 
reconstruct the concentration profile along the range 
of the projectiles. In general, these procedures have a 
limited depth resolution, due to straggling of the beam 
and the limited detector resolution. If, however, one is 
able to use a preferentially sharp resonance in the 
excitation function, one can obtain a much better depth 
resolution by probing in depth using beam energy 
changes [25]. The resolution is for a great deal deter- 
mined by the width of the resonance; if this width is 
small, resolutions down to 10-20 nm are achievable in 
favourable cases, but these small resonances are not 
available in the excitation function of the commonly 
used reactions on carbon. *He-induced reactions for 
depth profiling of C and O were used by Gossett [26]. 
The author improved the depth resolution using glanc- 
ing incident beams. D’Agostino et al. [27] used a 1.6 
MeV deuterium beam and obtained a depth resolution 
of 0.25 ym studying a welding joint. 

ERD features a very good depth resolution. The 
analysis goes along the same ways as RBS (which in 
itself also produces depth information) and the formal- 
ism for ERD has been well described by Doyle et al. 
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[28] with a view on computer application. By selecting 
carefully the experimental parameters, a depth resolu- 
tion for carbon of 10 nm can be reached. 


3. Other accelerator based techniques 


For the determination of isotopic ratios of '*'*'*C, 
accelerators are used. The technique is called AMS 
(accelerator mass spectrometry) and in cases a tandem 
accelerator is used (TAMS). Basically, the sample is 
brought into the ion source where it is bombarded with 
Cs*-ions, which not only sputter away carbon atoms 
but also promote the formation of C -ions by means of 
a thin surface film of Cs on the sample. The C -ions 
are accelerated and stripped in the stripper canal of 
the tandem to C**- or C**-ions which again are accel- 
erated, separated by means of a combination of elec- 
trostatic and magnetic fields and measured. The ad- 
vantage of the accelerator is that isobaric molecular 
species do not survive the stripping avoiding mass 
spectral interferences and that C atoms can be 
counted individually giving very high sensitivity. Nitro- 
gen does not interfere, as no negative ions are pro- 
duced in the ion source. A good description of a 
modern TAMS facility can be found in ref. [29]. Cy- 
clotrons also have sufficient mass separating power to 
be used for this purpose [30]. The method is so sensi- 
tive that one is able to determine a ratio of “C/'*C of 
10~'° which opens possibilities to backdate objects 
down to 50000 years. 

A completely different technique is bombardment 
of a sample with a low intensity heavy ion beam in 
order to sputter away molecular fragments from the 
surface which are detected with a time of flight mass 
spectrometer. Initially **Cf spallation sources were 
used but the flexibility of an accelerator offers advan- 
tages. The technique is able to measure C-compounds 
on the sample surface up to very high molecular 
weights. The method is known as PDMS (particle 
desorption mass spectrometry) [31]. 


4. Applications 


It is not the intention of this paper to review all 
sorts of applications of C analysis. Suffice it to give a 
few examples in which nuclear techniques have con- 
tributed to improve knowledge. Very extensively, steel 
has been analyzed for carbon. One of the earliest 
applications of in beam reactions was the determina- 
tion of C in steel at Harwell (UK) by measuring the 
prompt y-radiation emitted during the reaction 
"C(p, y)"°N (E,=2.3 MeV) [10]. Shortly later, 
deuterons were used for the same purpose, also per- 
forming y-ray spectroscopy [32]. Since then, a large 
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Fig. 4. Results of line scans made on Mez6 Madaras (see 
text) 


number of C-analyses have been done to analyze met- 
als, alloys or welding joints [33-41]. Also in plasma 
fusion research and catalysis, there has been a notably 
increase in the exploitation of nuclear techniques [42]. 

At our institute, a large number of analyses have 
been performed on meteorites [43-47]. During a study 
of different classes and types of ordinary chondrites, it 
was found that in spite of large variations in the bulk 
C-concentrations reported in literature, the matrices of 
all these chondrites have a remarkably constant C-con- 
centration. This has lead to an assumption that the 
matrix is common and was formed separately and 
presumably earlier than inclusions such as chondrules. 
In a later stage mixing occurred between these 2 phases 
[7]. During scanning, a peculiar C-distribution was ob- 
served. In fig. 4, results of line scans are displayed from 
Mez6 Madaras. It is shown that C is present preferen- 
tially at the edges of Fe or FeS inclusions. The asym- 
metry in the distributions is caused by the different 
positions of the small inclusions with respect to the 
surface of the sample which, in combination with the 
different range of X-rays used to detect Fe and S and 
of protons used to detect C and O explain the results 
(fig. 5). It has been assumed that Fe acts as a catalyst 
for a Fischer-Tropsch type of reaction followed by 
pyrolysis to form elementary carbon as jackets around 
these inclusions. 

Neelmeyer et al. [48] used the d, p, reaction on °C 
in combination with RBS to improve the understand- 
ing of the high wear resistance of tool steel after 
carbon implantation. Depth profiling was performed 
within a 200 nm thick near surface layer structure, 
modified by carbon in beam assisted deposition of C 
together with carbon-substrate ion beam mixing. These 
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Fig. 5. Possible positions of FeS grains in the sample with 
respect to its surface and the corresponding outcoming radia- 
tion. 


modifications were done in order to obtain new types 
of wear resistant coatings. 

In biology, sometimes C-distributions are measured 
with RBS to normalize trace element concentrations 
present in these sections [49]. Other fields of applica- 
tion include the semiconductor industry and other 
forms of materials science. 


5. Conclusions 


Nuclear techniques for the determination of carbon 
are well developed. It is nowadays possible to detect 
trace concentrations of carbon and also to measure the 
C-distribution present in the sample in three dimen- 
sions. The resolution obtained is determined by the 
C-concentration and its chemical surrounding. With 
advanced techniques such as resonant nuclear reac- 
tions, elastic recoil detection or coincidence techniques 
to measure exactly the kinematics of the projectile— 
atom collision, a depth resolution of 10 nm is feasible. 
Also for the determination of the isotopic ratio of C, 
accelerator based techniques have contributed consid- 
erably. For the most commonly used reactions on car- 
bon, data are available from the very comprehensive 
compilation on nuclear cross section data from Jarjis 
[50]. 
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Nitrogen plays an important role in almost all materials. In metals its presence influences the tribology. In semiconductors 
nitrogen compounds act as insulating layers. The less abundant isotope 'SN can be used as tracer element to investigate biological 
processes. Thus the analysis of materials concerning the nitrogen content needs adequate methods. Nuclear reactions on both 
isotopes reveal an appropriate tool, if the cross sections are known to a high degree of accuracy 


1. Introduction 


Nitrogen, the first element in the fifth group of the 
periodic table is an ever present elements in nature, 
because of its 80% abundancy in the earth’s atmos- 
phere. The stable isotopes '*N and 'N are abundant 
to 99.63% and 0.366%, respectively. Thus its proper- 
ties may advantageously or disadvantageously affect all 
natural materials exposed to air. The possible effects 
can be of quite different physical character. Nitrogen 
can be just an adhesive layer on the surfaces without 
strong chemical reactions. In some materials, however, 
nitrogen also penetrates into the bulk of the material 
reacting chemically in the near surface region. This 
effect becomes drastic enhanced if nitrogen ions are 
implanted into materials because of the strong atomic 
reactivity compared to the dominant passivative role of 
the N, molecule. A few of these effects will be men- 
tioned subsequently separated to different classes of 
materials ordered according to their electric conductiv- 
ity. 

It should, however, be emphasized that the results 
of ion beam analyses can only contribute some infor- 
mation to understand the features and properties of 
materials, full understanding has to emerge from com- 
parison with other methods of investigation. 


1.1. Metals 


Nitrogen in metals plays an important role in tribol- 
ogy. It has been shown [1-5] that the implantation of 
nitrogen into metals, e.g. steels, titanium, and titanium 
alloys, increases the wear resistence, an important fact 
for cutting tools. The process of nitrogen diffusion into 
the metal under mechanical stress is still investigated 
at many laboratories. For optimal conditions a fairly 
high dose has to be implanted. During the implanta- 
tion also sputtering takes place. The sputtering rate 


depends, however, also on the implanted dose [6]. 
Under the influence of mechanical stress nitrogen dif- 
fuses into larger depths of the material which changes 
the materials properties also in the near surface bulk 
region [7]. 

For the full understanding of the processes it is 
necessary to determine quantities as well as profiles of 
nitrogen in the depth. That process as a production 
process in industry has still to be accepted in industry 


(8). 
1.2. Semiconductors 


The technique of doping semiconductors, e.g. sili- 
con with elements of the fifth group, phosphorus and 
arsenic has become a common technique to produce 
n-type semiconductors. Nitrogen plays not a similar 
role in silicon as other elements of the fifth group for 
doping the material to produce n-type material be- 
cause its solubility is very small. That implies that 
diffusion into the material is difficult to achieve. The 
implantation of nitrogen is a possible effect [9] to 
surmount the difficulties, but instead of forming shal- 
low donator states, as expected, its shows a quasi 
Jahn-Teller effect which leads to a deep level in the 
middle of the gap at about 0.7 eV. 

In high temperature semiconductors, like SiC, nitro- 
gen is used as a dopant. Its content has to be known to 
a high degree of accuracy [9,10]. However, nitrogen 
became dominant in other respects. It forms in silicon 
passivation layers, e.g. Si,N,. A layer of this material 
can prevent the diffusion of oxygen. Thus it is an 
objective of nitrogen implantation to form insulating 
layers. This process is called SIMNI (separation by 
implantation if nitrogen). It is a two step process which 
starts with a high dose nitrogen implantation at ele- 
vated temperatures 7 = 350°C and a subsequent an- 
nealing at high temperatures (7, = 700°C). The process 
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results in buried insulating layers for SOI structures 
(silicon on insulator) [11,12]. Nitrogen is also used as 
an addition to the argon atmosphere during the crystall 
growing process. A passivation layer of nitrogen pre- 
vents during the annealing process the increase and 
penetration of displacements [13]. 

In all the forementioned cases it is important to 
determine quantity and profile of nitrogen, because all 
effects begin to function if a threshold has been sur- 
mounted. An additional problem is the determination 
of the stoichiometry which is not the same as in the 
gaseous phase. 


1.3. Insulators 


Nitrogen implantation was used to study the change 
of properties of optical wave guides like LiNbO, [14]. 
Nitrogen is one of the constituents of frequently used 
ceramic material as Si,N, or BN. Little is known how 
a deviation of the stoichiometry influences the proper- 
ties of the material. The role of nitrogen in ceramic 
superconductors is presently also investigated [15]. The 
behaviour of diamond, particular its specific electric 
resistance has been studied after nitrogen ion implan- 
tation [16]. The nitrogen concentration of industrial 
glasses, its repartition from the surface, its influence on 
oxidation and reduction conditions have been studied 
[98]. 


1.4. Polymers 


Polymers are built from molecules which contain 
nitrogen as constituents, thus a uniform distribution is 
expected, so far no change of concentration according 
to nitrogen implantation has been observed. A recent 
development for nitrogen detection was caused by the 
need to detect nitrogen containing explosives particu- 
lar as a service method on airports [17]. 


1.5. Biological samples 


The abundance of nitrogen in biological samples 
can vary according to metabolic processes. Thus the 
determination of both nitrogen isotopes can be of 
valuable help in biological and medical research and 
for routine measurements [19,73]. 


2. Experimental methods 


The ion beam analysis of nitrogen as well as of 
other elements requires three carefully understood 
main components which features determine the suc- 
cessful work, an accelerator, appropriate sample or 
target handling and a highly sensitive and high resolu- 
tion detection system. 
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The accelerators should provide sufficient beam 
intensities and particle energies, e.g. up to 15 MeV, 
depending on the Q-value of the specific nuclear reac- 
tion used. Many analyses have been performed at 
energies in the low MeV range. In many laboratories 
electrostatic accelerators of the Van de Graaff-type in 
both versions, single ended and tandems are being 
used [20]. High accuracy analyses need ion beams with 
as small as possible beam energy straggling. The pri- 
mary energy straggling originates in the ion source. 
Therefore ion sources which fulfill that requirements 
are preferable. Furthermore the voltage fluctuations of 
the generating system impose additional energy strag- 
gling to the beam. Without any precaution these fluctu- 
ations in energy are in the order of 1 keV. They can, 
however, be minimized by electronic feedback circuits 
[21] or by stabilizing the beam via a second beam 
component, e.g. a molecular component and its deflec- 
tion through a highly stabilized magnetic field. That 
principle allowed to achieve energy stability in the 
order of 100 eV [22-24]. 

The second component in an analysis experiment 
which deserves special care is the sample or target 
itself. Energy loss introduces statistical fluctuations 
which have to be taken into account because that 
quantity determines the spatial resolution [25]. Even 
despite the fact that good compilations on energy losses 
and ranges exist [26], in many cases, particular for 
heavier projectiles than a-particles, the energy loss and 
their ranges have to be determined experimentally. 
The maximum achievable depth of analysis can be 
expressed as follows. 

€E, Ak 
| ene ' (1) 
Cc dE/dx | Ey 


where 
E, = energy of the incident beam, 
€ =adjustment parameter (for a-particles in silicon 
= ().9), 
= f(k, @) function of the kinematical factor and 
angle, 
Ak = difference of kinematical factors for the masses 
of host and impurity element. 
The depth resolution 5x achievable in the analysis 
depth is given by 
bx =5E/C(k, 0) dE/dx, (2) 
where 5E is the energy straggling of the primary inci- 
dent beam from the accelerator. C(k, @) is the same 
function as in eq. (1). 

The Doppler broadening, known from the analysis 
of light elements, like hydrogen, if using nitrogen beams 
[27], may limit the depth resolution. In special combi- 
nations of nitrogen and the host material that effect 
might be considered particular, if ERDA is applied 
[28]. In general, however, the effect will be within the 
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detector resolution. The detector resolution is a fur- 
ther component which influences the accuracy of the 
measurements. Surface barrier detectors cause an ad- 
ditional energy straggling, because the particles have to 
penetrate different front layers before stopping [29], 
which limits the resolution to 3 to 4 keV. A special 
detection system is a time-of-flight detector [30]. For 
ERDA measurements detector systems with particle 
identification are necessary to be used. 

The other necessary equipment is that of nuclear 
physics, vacuum chambers, conventional pulse elec- 
tronic and data handling equipment. Improvements for 
further analysis work should aim to larger solid angles 
for the detectors, increased detection efficiency, thin- 
ner windows for the detectors which could improve the 
energy resolution still further, improved electronics 
which should reduce the pileup background [31]. 


3. Analysis with accelerated beams 


The majority of the analyses of nitrogen has been 
done with accelerated light particles, thus we restrict 
that review to reactions performed with light projec- 
tiles up to mass 4 (a-particle) and also to nonradioac- 
tive beams (no tritium). The nuclear data for most of 
the available reactions are listed in numerous compila- 
tions [32]. 


3.1. Rutherford backscattering (RBS) 


The Rutherford backscattering has reached a lead- 
ing position in the analysis of materials. The respective 
scattering of charges is element specific, it allows to 
determine elemental profiles, the sensitivity is for N in 
a heavy matrix in general about 1 at.%. With special 
care for the shielding and special detectors [29] the 
ppm region can be reached. RBS is, however, not 
specifically related to nitrogen. Moreover the informa- 
tion about the quantity of nitrogen is in many cases 
needed if nitrogen is incorporated in a heavy matrix. 
According to the statistical nature of the measuring 
principle (counting) the separation of signals from ni- 
trogen from those of the matrix materials implies diffi- 
culties if the nitrogen content is small. 

The detection limits of RBS have been extrapo- 
lated, for which the following expression holds [31]. 


N, =nE}/Q ANZ}Z}, (3) 
with 

N. = minimal areal impurity concentrations [at /cm*], 
n =number of counts, 

A? = detection solid angle, 

E, = incident energy, 

Q analysing ion dose / point. 
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Fig. 1. Estimated detection limits (N = 1x 10'E?, Z3 for a 
substrate heavier than carbon with the following parameters: 
‘He Z,/C, 1=1 pA, n=70 counts, AQ =0.3 sr, t= 2h. 
Background contributions were neglected (from ref. [31]) 





The diagram shown in fig. | was obtained using realis- 
tic values for the detector solid angle and measuring 
times. Nitrogen analysis of thin silicon nitride layers 
using RBS have been reported [101]. 


3.2. Elastic recoil detection 


The measurement of the recoiling particle from an 
elastic collision is the complementary method to RBS. 
It is preferentially used for detecting light elements in 
a heavy matrix using heavier projectiles than the ele- 
ment to be analysed. That procedure allows to select 
the detection angle such that only the light recoil can 
be detected. In case for nitrogen analysis heavy projec- 
tiles like Ar, Kr or Xe should be used at energies high 
enough to reach a sufficient analysis depth. The method 
further requires a particle identification for the recoils 
because many different elements may be present in the 
sample which recoil all simultaneously under heavy 
particle bombardment [96]. 


3.3. Nuclear resonance scattering 


Some excitation functions of the elastic scattering of 
light projectiles, like protons and a-particles show in 
the accessible energy range at specific energies pro- 
nounced resonances. These resonances are caused by 
the nuclear structure of the compound nucleus formed 
during the collision, thus they appear with different 
strength at different scattering angles. They can be 
very versatile in analysing materials because the width 
of the resonance can be directly correlated to the 
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depth resolution in the material. Thus the smaller the 
width of the resonance the better the depth resolution. 
The achievable depth resolution depends, however, on 
the depth itself and the energy loss the projectile 
experiences in penetrating the host matrix. Detailed 
values can be obtained from formulas compiled in ref. 
[26]. 


3.4. Nuclear reaction analysis (NRA) 


Most of the reactions listed in table 1 and 2 have 
been investigated in the past, mainly angular distribu- 
tions have been measured, so that differential cross 
sections for these prompt reactions are available [32]. 
If projectiles penetrate into the material they loose 
energy, the reaction thus takes place at energies smaller 
than the incident energy, therefore excitation functions 
in the laboratory system are needed for the application 
of a specific reaction for materials analysis. 

The proceedure is shown in fig. 2 for a nonresonant 
reaction. The measured yield Y(£,,) can then be anal- 
ysed using the following expression: 
do( E,(x), @) 

dn 
AN dE, 
‘ (dE/dx) cos @’ 


Y(E,) dE, = IN,(*) 


with 

I = number of beam particles, 

N(x) distribution of atoms A in the target at 
depth x, 

da/dQ = differential cross section, 

AN = detector solid angle. 

Even that the method is in principle applicable in all 

cases, practical restrictions exist which make some re- 

actions less favourable, particular if the spectra of 


ejectiles overlap considerably. The limitations are 
mainly caused by the quantity and availability of cross 
sections. As can be seen from the tables some reac- 
tions require high projectile energies due to the large 
negative Q-values. Furthermore reactions with smooth 
excitation functions are easier to apply than those with 
a few or many very pronounced resonances because 
cross sections have to be integrated along the penetra- 
tion path of the particle in the material which may give 
rise to ambiguities causing larger errors. On the other 
hand, resonances in the cross section allow very accu- 
rate depth profilings. 
The detection limits for NRA can be estimated [31], 
resulting in the following expression 
N=Y,E/QI'n AN(da/dN), (5) 
with 
Y, =(1+(1 +8U(AS/SY}'7/QUAS/SY maximum 
yield, 
= Y,, — U number of signal counts, 
standard deviation in S, 
= number of background counts, 
= incident intrinsic efficiency of the detector times 
solid angle, 
resonance width [eV] (Lorentzian). 


3.5. Nuclear resonance reaction analysis (NRRA) 


Resonances in the excitation function of a nuclear 
reaction allow to profile the elements to be analysed. 
The procedure is shown to fig. 3. The upper left figure 
shows the excitation function with one resonance oc- 
curing at the energy E,. The lower right part of the 
figure shows the experimental condition, an ion beam 
penetrates into the sample. The upper right hand part 
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Fig. 3. Principle of NRRA analysis (details see text). 


Il. REVIEW PAPERS 





150 K. Bethge / lon beam analysis of nitrogen 


connects the two parts of the figure, showing the slow 
down in energy of an ion beam. 

The moment the projectile energy approaches the 
resonance energy Ep, the increasing cross section 
causes a larger yield of the measured quantity, which 
can be a particle yield or a y-ray yield. Thus the width 
of the resonance determines the depth resolution. 

A relevant example is the detection of '°N in a host 
matrix using the '"N(p, ay)'*C reaction. The width of 
the first resonance has been measured to be 120 + 30 
eV [33]. This figure leads to a depth resolution of 
about 20 nm in a depth of about 10 pm. 

It is, however, less favourable, if several resonances 
occur, as in the above mentioned example (cf. fig. 10). 
The depth profiling is unambiguously possible as long 
as a second resonance at higher incident energies has 
not reached the surface according to the energy loss of 
the projectiles, or if the strength of resonances are 
considerably different. 


3.6. Charged particle activation analysis 


As indicated in tables 1 and 2 a few nuclear reac- 
tions produce radioactive final nuclei. Most of the 
products of nuclear activation in the nitrogen region 
are positron emitters with reasonably long half-lives. 
That allows to use them to determine the amount of 
nitrogen in a given sample. 

The procedure of analysis is shown in fig. 4, where 
the activation of a sample is plotted against measuring 
time on a semilog scale. Three periods have been 
distinguished. Period 1 is the activation period which 
should last long enough to produce a sufficient large 
number of decaying nuclei. In general it is sufficient to 
activate for about 5 times the half-life of the radioac- 
tive nucleus. 

Also under very good vacuum conditions material is 
deposited on the surface during the irradiation, which 
will thus also be activated. The surfaces have thus to be 
cleaned. If these layers contain atoms of the element 
under investigation it is necessary to remove such lay- 


1) Activation 
2 Sample Handiing 


Analysis 





200 = t min 


Fig. 4. Principle of CPAA (details see text) 


ers from the surface before measuring the activity. This 
period 2 is indicated as sample handling. 

After the cleaning process the measuring period 3 
starts. The measurement itself is a counting procedure 
as long as reasonably long half-lives exist. For the 
analysis of nitrogen this is the case, if ''C, °N and '*F 
are produced. The other radioactive nuclei “O, O, 
'°N and '’F can be used for the analysis if a fast 
automatized sample handling is available and the sur- 
face cleaning can either be fast, or surface contamina- 
tions can be avoided at all. The advantage would be 
the short analysis time, however, for the reactions 
producing '*O and '’F, the energy of the activating 
particles has to be sufficiently large. The measured 
quantity is then calculated from the following expres- 
sion 


N, Al 
- ieaR(1 





MY Ny [kg m°}, 


= counting rate at time ¢, (extrapolated), 
atomic mass number, 
isotope abundance, 
averaged projectile current, 
efficiency of the measurement system, 
cross section averaged for the activation, 
= projected range of the projectiles, 
decay constant, 
= Avogadro’s number, 
time of activation. 

The quantity determined is an integral quantity for 
the volume irradiated, profiling is in general not possi- 
ble unless the sample is irradiated several times under 
different incident angles [34]. That procedure is similar 
to a tomography. The beam diameter should therefore 
be small and the time between two successive irradia- 
tions should be long enough to allow the decay of the 
preceeding activation. By charge particle activation 
quantities of impurity or doping elements in the ppb 
range can be determined. 

Difficulties arise if the trace element under analysis 
is incorporated into a matrix which can also be acti- 
vated such that the signals from the radioactive decay 
of the trace nucleus is buried in the signals from the 
abundant activity. A comprehensive article [35] con- 
tains almost all reactions used for the detection of light 
particles by CPAA. 


4. Nuclear reactions for nitrogen analysis 


4.1. Reactions for the detection of '4N 


Nuclear reactions with '*N as target material are 
listed in table 1. They produce stable as well as ra- 
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Table | 
Nuclear reactions on '*N 


Reaction 


Q-value 
[MeV] 

“Nin, p)*C 0.625 5730 a [36,37] 
“Nip, yO 7.286 122.24 s {39,40} 
“Nip, n)'*O 5.926 70.6 s [46] 

'4N(p, p)'*N 0 prompt [41-44] 
'N(p, d)'°N 8.329 9.96 min [47] 

Nip, a)!'C 2.923 20.3 min [48-51] 
Nid, n)O 5.072 122.24 [52-56] 
Nid, p)'°N 8.609 prompt [57,58] 
MNid, a)'?C 13.574 prompt [58,59] 
'NCHe, p)'®O 15.242 prompt [61,62] 
“NCHe, d)°O 1.802 122.248 not reported 
'“NCHe, a)'°N 10.024 9.96 min [63] 

Nia, y)'*F 4.416 109.7 min [64] 


Half-life Ref 





“Nia, n)'’F 4.735 64.8 5s [66] 
“Nia, p)'’O 1.192 
“N(a, d)'O 3.111 
Nia, a)'4N 0 


prompt [64,67] 
prompt [70] 
prompt [18,67,71} 





dioactive final nuclei. The first group can be used for 
the analysis with prompt NRA, the second one for the 
CPAA. Subsequently all reactions with '*N as target 
material are listed despite their previous use for analy- 
sis. Some characteristics of the reactions will be men- 
tioned. 


'?Nin, p)'*C [36,37] 

Cross sections have been measured for E,, = 61 meV to 
34.6 keV. At E, = 25 keV, (oa) = 0.81 mb, at E, = 52.4 
keV, (ao) = 0.52 mb. The reaction has been used for 
depth profiling [38] in metals like vanadium and in 
archaeometric pottery samples. 


Nip, y)'°O [39,40] 

Excitation functions have been measured in the energy 
range E,=0.2 to 3.6 MeV. Resonances have been 
observed at 1.06, 1.74, 2.36 and 2.49 MeV. The short 
half-life of '°O limits the reaction in its applicability for 
CPAA. 


'4N(p, p)'*N [41-44,97] 

Excitation functions have been measured from 0.9 to 
4.1 MeV at different angles. Under 160° sharp reso- 
nances appear at 1.061, 1.744 (I = 6 keV), 3.192 (= 
11 keV, do /dQ = 340 mb/sr), 3.878 MeV (da /dQ = 
300 mb/sr). For an analysis of thin GaN layers on 
Al,O, the proton scattering in the energy range 1.7 to 
2.3 MeV has been used [45]. The differential scattering 
cross sections measured under 170° show an enhance- 
ment over the Rutherford cross section of more than a 
factor 10 in the energy range 2.7 to 3.1 MeV [96]. 


'4N(p, n)'*O [46] 
Excitation functions have been measured in the range 
E,, = 6 to 12 MeV. Broad resonances appear at 8 MeV 


(100 mb), 8.2 MeV (100 mb), 10 MeV (115 mb). The 
extreme short half-life of '*O reduces the feasibility for 
CPAA. The large negative Q-value limits the applica- 
bility of the reaction for materials analysis further. 


'SN(p, d)'°N [47] 

Angular distributions have been measured for deuteron 
groups at many energies up to E, = 155.6 MeV. The 
large negative Q-value limits the applicability of the 
reaction for nitrogen detection in CPAA, however, 
with sufficient high energies e.g. of tandem accelera- 
tors a larger depth can be scanned. Particles with very 
high energies from cyclotrons are less suited. 


M4N(p, a)!'C [48-51] 

Excitation functions have been measured from E, = 4 
to 22 MeV (fig. 5). The reaction has been used for 
CPAA analysis preferentially because the half-life of 


Fig. 5. (a) Excitation function for the '*N(p, «)''C reaction in 

the energy range E,=4 to 10 MeV taken from different 

references (@) [48], (0) [49], (x ) [S50], (0) [51]. The reaction is 

well suited for CPAA. (b) Same as fig. Sa, energy range 
E,, = 10-22 MeV [48]. 
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Fig. 6. Excitation function for the 'N(d, n)'°O reaction (0) 
[53], (a) [54], Cw ) [55], Cam) [56]. 


12.0 14.0 


''C is very favourable. It has been used for the analysis 
of semiconductor materials. 


'N(d, n)'°O [52-56] 

Excitation functions measured for E, = 0.6 to 14 MeV, 
are compiled in ref. [53] (fig. 6). The short half-life of 
'SO limits the reaction in its applicability for CPAA. 


'*N(d, p)'°N [57] 

Cross sections for different proton groups have been 
measured. For py, a small resonance appears at E,, = 2.3 
MeV. For p, a maximal cross section of 160 mb/sr has 
been observed at E, = 2.0 MeV. Absolute calibrations 
are reported [58], analysis of thin tantalum layers on 
glass at a bombarding energy of 650 keV have been 
reported [99]. 


'4N(d, «)'7C [59] 

Excitation functions for a, and a, have been mea- 
sured in the energy range E,=0.6 to 1.4 MeV. A 
resonance appears at 1.2 MeV in aj». Spectroscopy of 
a-groups have been used in tracer technique after 
nitrogen implantation, in metallurgical applications 
[60,100] and for the analysis of semiconductor material 
like silicon [94]. 
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'“NCHe, p)'°O [61] 

Differential cross sections have been measured in the 
energy range Es,,. = 2.5 to 5.5 MeV at angles 30, 90 
and 150°. Excitation functions for several proton groups 
have been reported in the energy range E,,. = 3 to 11 
MeV [62]. 


'4NCHe, d)'°O, not reported 


MNP He, a)'N [63] 

Differential cross sections for several a-groups have 
been measured in the energy range Es,,. = 2.5 to 8.5 
MeV at 50, 90 and 165°. Maxima appear for a, at 165°: 
4.5 MeV (2.5 mb/sr) and 5.5 MeV (3.0 mb/sr). In 
nuclear physics studies mainly the a-ejectiles have been 
measured, whereas for analysis of materials the decay 
properties of '°N are more important. The reaction 
would be suitable for CPAA because of a reasonably 
long half-life of '*N, but the production cross section is 
fairly small. 


Na, y)'SF [64] 

Excitation function has been measured up to 3 MeV. 
Three resonances appear at 1.39 MeV, 2.34 MeV and 
2.87 MeV with sufficient intensity to use the reaction 
for analysis purposes (fig. 7). A resonance at 1.531 
MeV has been used [65] for studies of dynamical 
behaviour of nitrogen diffusion in metals for tribologi- 
cal investigations. 


'4N(a, n)'’F [66] 

Excitation function has been measured between 6 and 
20 MeV incident energy. Strong resonances appear at 
9 MeV (120 mb) and 10 MeV (100 mb). The strengths 
would be sufficient for analysis but the short half-life 
of 64.8 s and the high threshold energy complicates the 
use. Analyses using that reaction have not been re- 
ported. 


'N(a, p)'’O [18,64,67,68] 

Differential cross sections have been measured for 
incident energies E, = 3.5 MeV at 89 and 163.5°. Res- 
onances appear at 3.7 MeV (24 mb/sr) and 4.5 MeV 
(20 mb/sr) in the 163.5° spectrum. Monotonous be- 
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Fig. 7. Excitation of states in '*F for the '*N(a, y)'*F reaction (from ref. [64]). 
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Fig. 8. Excitation function for the '*N(a, a)'*N reaction [70] 


haviour between E, = 5 to 6 MeV and a resonance at 
6.55 MeV (30 mb/sr) has been observed at 172° [18]. 
The reaction can be used for NRA, in particular the 
resonance at 3.7 MeV (I), = 53+ 6 keV). Thin layers 
of Nb, Ti, _, N on carbon substrates have been analysed 
using the energy range E, = 5 to 6 MeV. 


“N(a, d)'*O [69] 
Spectra measured at 47 MeV incident energy. No 
application has been reported. 


'4N(a, a)'4*N [18,67,70] 

Differential cross sections have been measured for 
E, = 1.6 to 5.8 MeV (fig. 8). Several well separated 
resonances have been observed, which can be used for 
nitrogen analysis. E.g. resonance at 3.58 MeV (I), = 4 
keV), resonance at 3.72 MeV (220 mb/sr, I, = 53+ 6 
keV) (fig. 9). Nitrogen-implanted steel samples have 
been analysed, a depth resolution of 20 nm has been 
reported [18]. 


4.2. Nuclear reactions for the detection of '°N 
Nuclear reactions with 'N as target material are 


listed in table 2. In most reactions ‘stable nuclei are 
produced. Many excitation functions show pronounced 
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Fig. 9. Excitation function for two prominent resonances in 
the '*N(a, a)'*N reaction [68] 


resonances which allow to use these reactions for pro- 
filing nitrogen, however, not many reactions have been 
used for analyses. Some characteristics will be men- 
tioned subsequently. 


N(p, y)'°O 

The high excited level of '°O (at 12.530 MeV) decays 
mainly by a emission into an excited state of '*C. The 
y-width I, is about 21 x 10~* eV whereas the a-width 
, amounts to 120 eV. Thus the small y-transition 
probability does not allow to use the capture reaction 
for materials analysis. 


Table 2 
Say 
Nuclear reactions on '°N 





Reaction Q-value Half-life Ref 


[MeV] 
'N(p, y)!' 12.127 prompt [71] 
'SN(p, n)! ~ 3.537 122.24 s [74] 
SN(p, p)'°N 0 prompt [75] 
'SN(p, d)'*N ~ 8.609 prompt not reported 
SN(p, a)!?C 4.966 prompt [71] 
'SN(d, n)'® 9.903 prompt [52] 
'SN(d, p)'°N 0.266 7.135 [76] 
Nid, a)?>C 7.687 prompt [77] 
SNC He, p)'’O 8.55 prompt [79] 
SNC He, d)'*O 6.633 prompt [80] 
SNC He, a)'*N 9.744 prompt [81] 
'SN(a, y)'°F 4.012 prompt [82] 
SN(a, n)'*F —6.419 109.7 min _not reported 
SNia, p)O — 3,981 prompt [76] 
SN(a, dO —9 801 prompt [69] 
ISN(a, a)'5N 0 prompt [70] 
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Fig. 10. Excitation function for the 'N(p, ay)'*C reaction 
[71]. The detailed improved analysis of the first resonance is 
indicated as from ref. [72] 


ISN(p, n)°O [74] 

Excitation functions have been measured for E,, = 3.8 
to 19.0 MeV. Differential cross sections have been 
measured under 0° for E,=3.8 to 6.4 MeV. Pro- 
nounced resonances appear at 4.37 MeV (I), = 19 keV, 
40 mb/sr) and 6.33 MeV (I), = 26 keV, 40 mb/sr). 


'SN(p, p)'!°N [75] 

Differential cross sections for @ = 159.5° have been 
measured for E,,= 1.0 to 3.7 MeV. The main reso- 
nances appear at 1.02 MeV (I, = 100 keV, da/dQ = 
260 mb/sr) and 3.5 MeV (I), = 15 keV, da /dQ = 220 
mb /sr). 


'N(p, d)'*N, not reported. 


SN(p, a)!2C, SN(p, wy)'?C [71] 

This reaction is most frequently used for nitrogen 
analysis because of its large cross section. According to 
the high positive Q-value the reaction produces a high 
lying level in '©O which decays by a-emission to the 
first excited level in '*C which than decays by y-emis- 
sion into the '*C ground state. This reaction is very 
extensively used in materials analysis. The resonance at 
0.429 MeV (cf. fig. 10) has a width of 120 eV [33]. The 
peak cross section exceeds the average cross section by 
more than five orders of magnitude [72]. This ex- 
tremely strong resonance allows to determine 'N in 
many host matrices despite the fact that '"N has a 
natural abundance of 0.366%. The next resonance at 
0.898 MeV (I°, = 600 eV) has then to be considered 
because it may interfere in the analysis beyond a depth 
of about 5.5 ym (SiC). The yield has been measured 


for E,, = 0.15 to 27.4 MeV. The reaction is also applied 
to trace nitrogen circulation in biological and medical 
samples [73]. 


"Nid, n)'°O [52] 

Excitation functions have been measured for E, = 0.5 
to 5.9 MeV at 0°. Pronounced peaks have been ob- 
served at 1.8 MeV (6 mb/sr), 3 MeV (4 mb/sr) and 5 
MeV (3 mb/sr). Differential cross sections measured 
at 153.5° for E, = 4.3 to 6.4 MeV show no pronounced 
structure. 


'SN(d, p)'°N [76] 

Differential cross sections have been measured in the 
angular range 0 to 160° and the energy range E, = 4 to 
6 MeV. Some indications of resonances. 


ISN(d, «)'3C [77] 

Yield curves have been measured for E, = 0.8 to 2.7 
MeV. Structures are reported at E, = 1.06, 1.25 and 
1.8 MeV. The reaction has been applied for analysis to 
determine nitrogen in steel [78] to study the wear 
resistance. 


'SNCHe, p)'’O [79] 


Angular distributions measured for E = 18 MeV. 


'SNCHe, d)'°O [80] 


Angular distributions measured for E = 11 MeV. 


'NCHe, a)'*N [81] 
Angular distributions measured for Es,,. = 2.7 MeV. 


'N(a, y)!?F [82] 
Excitation functions have been measured for E,, = 5.2 
to 8.4 MeV. 


"Na, p)'®) [83] 
Excitation function for '"N(a, py)'*O has been mea- 
sured for E, = 5.2 to 8.4 MeV. 


'SN(a, d)'’O [69] 
Angular distributions for several deuteron groups mea- 
sured at E, = 47 MeV. 


SN(a, a)N [70] 

Excitation functions have been measured for several 
angles and incident energies E, = 1.6 to 5.5 MeV. 
Several strong resonances have been observed under 
170°. 


4.3. Interfering reactions 


If host materials which contain different impurity or 
doping elements are analyzed by ion beam methods 
special care has to be taken for interfering nuclear 
reactions which is an obvious fact for the CPAA. Table 
3 contains a few reactions which can interfere if boron 
or carbon is present in the host sample. The (p, d) 
reaction on carbon is very unlikely to interfere because 
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Table 3 
Nuclear reactions on '’B, ''B and °C 





Reaction Q-value 
[MeV] 

8.689 

2.764 
21.64 


Half-life 





B(p, y)''C 
"Bip, n)''C 
“BCHe, y)'°N 
"BC He, n)N 10.18 
2C(p, d)''C 16.497 
20CHe, d)°N 3.55 


20.3 min 
20.3 min 
9.96 min 
9.96 min 
20.3 min 
9.96 min 





of its large negative Q-value which plays a role only at 
high energy analyses. 

Other impurities and also the host material might 
cause interferences which has to be checked in each 
case separately. If the cross sections of the reaction 
used for analysis is small, a long activation time may 
also cause a considerable matrix activation, which in 
general might have larger decay times. In such cases 
the analysis becomes more complicated because of the 
background corrections. 


5. Other methods of analysis 


In industrial processes the analysis of materials has 
to be a routine procedure. Accelerator based method 
remain to a large extend in the domain of research and 
development departments. Thus efficient other meth- 
ods of analysis are employed which in most cases are 
closely related to the final objectives for which the 
material should be used, e.g. conductivity measure- 
ments for conductors, semiconductors and insulators, 
hardness and wear tests for metals. 

The use of mass spectrometers, however, is appro- 
priate also to analyse materials and to measure pro- 
files. For routine measurements the secondary ion or 
neutral particle mass spectrometry (SIMS, SNMS) have 
been successfully used. High resolution and very high 
sensitivity can also be achieved with glow discharge 
mass spectrometry (GDMS) for single element detec- 
tion and with spark source mass spectrometry (SSMS) 
for simultaneous multielement detection. In case of 
GaAs analysis a detection limit for nitrogen of <5 at 
ppb has been obtained [89]. 


6. Selected examples of analysis 


As indicated in the introduction nitrogen plays an 
important role in many different materials. Therefore 
the analysis of these materials is an essential contribu- 
tion to the understanding of the material and its be- 
haviour. 
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In metal physics it is of interest to profile nitrogen 
in different alloys in order to pursue tribological inves- 
tigations. These profiles depend, however, on many 
parameters which have to be checked separately in 
order to understand their influence. 

As an example a profile of '°N is shown in fig. 11. 
The enriched isotope has been implanted under differ- 
ent conditions into Ti and Cr containing alloys. The 
profiles have been measured after implantation of ni- 
trogen of different fluences. According to the sputter- 
ing of the material the profile changes into an asym- 
metric shape [90,91]. 

For semiconducting material the nitrogen content 
has also to be known quantitatively. Nitrogen is most 
probably incorporated as molecule in the silicon lat- 
tice, which causes vibrational lines in the absorption 
band. Two frequencies have been observed, at 767 
cm~' and at 963 cm~'. The peak hight of these ab- 
sorption lines is correlated to the concentration [N] of 
nitrogen in the crystal 


F=EF_/d=aF,, 


where a is the absorption coefficient, E the extinction, 
d the sample thickness, F, = F /In 10. 

For the calibration it is necessary to measure the 
concentration [N] in independent experiments [51] 
which sensitivity should be about equal. For silicon this 
has been done by using the CPAA with the reaction 
'?N(p, a)''C, as well as in a separate IR absorption 
experiment using the absorption line at 963 cm~ ' where 
the extinction E was measured. 

The calibration factor F,, was then determined from 
the two independent measurements on the same sam- 
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Fig. 11. Profile of nitrogen, implanted with different fluences 
into chromium at 30 keV [92]. 
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This value is in good agreement with other published 
calibration factors [92]. 

Nitrogen has also been used as a marker to deter- 
mine sputtering rates [93,94] in silicon. For that pur- 
pose nitrogen was implanted into the material. Its 
depth profile was measured using the 'N(d, a)'*C 
reaction before and after sputtering with argon ions. 
From three different a-groups (a », a,, a») the differ- 
ence in the thickness of the material layer to be sput- 
tered could be estimated. The sputtering coefficients 
agreed with calculated values [95]. 


7. Concluding remarks 


The survey of nuclear reactions presented in the 
preceeding chapters was restricted to nuclear reactions 
and scattering of light projectiles. Though these projec- 
tiles are used overwhelmingly in the present analyses 
of nitrogen, it might be possible that future trends of 
analyses tend towards heavier projectiles. Then ERDA 
(elastic recoil detection analysis) might become more 
important also for the analysis of nitrogen if projectiles 
like Kr or Xe are used at high energies. In addition to 
the accelerator development (energy resolution, stabil- 
ity) also a further development of the particle detec- 
tion has to be pursued because reaction products with 
neighbouring masses have to be separated particular 
for ERDA. Especially the sensitivity of the detectors 
has to be improved for this method. Furthermore a 
need exists for better and more reliable data for the 
energy loss of heavy projectiles. 

For additional reactions as well as for some of those 
mentioned above it is necessary to improve the nuclear 
data (values of cross sections as well as energies of 
resonance) as it was indicated in fig. 5a for the open 
and full symbols or to measure them for the first time 
to be able to use the full frame of reactions for the ion 
beam analysis of nitrogen. 

The preceeding listing of reactions is not complete 
in the sense that it does not contain all references for 
these reactions. Many references from the compilation 
of F. Ajzenberg [32] did appear in Russian or Japanese 
journals which are not available in all libraries, to 
which the author had access. 
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This review summarises the work done to mid 1991 on oxygen analysis using charged particle beams. Light ions (p, d, He) in the 


energy range 0 to 4 MeV are emphasised. Nuclear reaction analysis for the isotopes of oxygen are considered in detail particularly 


(p. a), (d, p), (d, a) and “He induced reactions and the latest nuclear and cross section data presented 


1. Introduction 


In this paper we review the isotopic analysis of 
oxygen using low-energy light-ion bombardment. We 
have surveyed over 200 papers the majority of which 
we have referenced here [1-197]. They go back to the 
mid 1950’s, however, we emphasise the more recent 
work done on ion beam analysis (IBA) of oxygen. 
Eighty-five percent of this published work refers to 
'©O, about 4% to '’O and about 37% to '*O, the three 
stable isotopes. 

Oxygen is a most important element, it forms 20.95% 
of the earth’s atmosphere by volume and comprises 
nearly 50% by weight of the earth’s crust. Approximate 
65% of the human body and 90% of all water is 
oxygen. It is a very reactive element and forms stable 
oxides with many other elements. Oxygen is the third 
most abundant element found in the sun. It is essential 
for most life forms and for practically all combustion. 
Ozone (O,) is a highly active form of oxygen formed by 
UV or electrical discharge action on oxygen. Its pres- 
ence in the atmosphere, corresponding to about a 3 
mm layer at sea level, is of vital importance in prevent- 
ing UV from the sun reaching the planet’s surface. It 
literally occurs everywhere, an ability to analyse for 
oxygen isotopes therefore is most important. 

Oxygen has several isotopes, three are stable '°O, 
O and 'SO, while '*O, °O, '°O and *’O are unstable 
with very short half lives which makes them of limited 
use aS oxygen traces for analysis. Table 1 gives the 
abundances, isotope masses and half lives of oxygen 
isotopes. The average atomic weight is 15.9994. The 
atomic density of the gas at NTP is 4.302 x 107° atom 
cm~* and a mass density of 1.429 mg/cm? and 1.143 
g/cm* for liquid oxygen at — 183°C. It has a melting 
point of — 218°C. 

Stable isotopes of oxygen have been used in the 
studies of surface reactions and solid state phenomena 


Table 1 
Properties of isotopes of oxygen 


Abundance (%) 


Half-life 





40 71s 
bO 124s 
lO 15.994915 99.758 stable 
"9 16.999133 0.037 stable 
KO 17.999160 0.204 stable 
"9 19.0 295 
~O 14s 


such as oxidation of metals and semiconductors, diffu- 
sion in solids and high resistivity silicon. IBA tech- 
niques for oxygen are particularly applicable for thin 
oxide films involving small submicrogram quantities. 
For example thin silicon dioxide films are used exten- 
sively for insulation and masking devices during semi- 
conductor manufacture. The thickness and composi- 
tion of these structures determines the performance of 
these devices. Also many protective corrosion coatings 
and passifying coatings consist of inert oxide films. The 
properties of such films are well analysed by nuclear 
methods using low energy ion accelerators. 

Kaim and Palmer [24] have used *He nuclear reac- 
tion analysis to analyse the light elements carbon, 
nitrogen and oxygen (up to | at.%) in niobium, a metal 
which has considerable importance in high-tempera- 
ture applications in fission and fusion reactors. These 
light-element impurities play significant roles in the 
mechanical properties of niobium and its radiation 
damage behaviour. 

'SO tracers have been used to study dispersion of 
water in consolidated porous medium such as reservoir 
rock core [97]. The collected fluids were turned into 
solid samples by standard anodizing techniques and 
analysed using '*O(p, a)'°N reaction to give the rock 
dispersivity. Cohen et al. [98] have used similar meth- 
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ods for '*O tracers to monitor metabolic rates of 
lizards in Australian deserts using blood plasma sam- 
ples as small as 150 wl. 

Recently it has been suggested [103] that analysis of 
the three isotopes of oxygen in the atmosphere may 
serve as a unique tracer for stratospheric—tropospheric 
mixing, ozone—oxygen cycling and atomic oxygen pro- 
toproduction rates. Thiemens and Meagher [103] de- 
scribe a nice method of cryogenic separation of oxygen 
and nitrogen in air for both isotopic ratio determina- 
tion by mass spectrometry or other means [104]. 

Proton induced reactions on '°O and '*O play sig- 
nificant roles in oxygen burning in stars [5]. The 
'O(p, a)'*N reaction produces '*N which would sub 
sequently be converted into '*C via photodisintegra- 
tion, hence providing additional sources of '*C and 
alpha particles. To ascertain the significance of this 
reaction in explosive nucleosynthesis, its rate must be 
established at temperatures around 4 x 10” K. This 
corresponds to proton energies between 5 and 9 MeV, 
ideal for low-energy charged particle accelerators. 

The study of oxygen in carbon—nitrogen—oxygen 
(CNO) cycle in stars with masses greater than one solar 
mass is important in understanding the nucleosynthesis 
of stars during their hydrogen burning phase 
[116,143,168]. Temperatures in stars can exceed 2 x 10” 
K. Lorenz et al. [116] have studied '*O burning via 
'SO(p, y) and (p, a) reactions over the proton energy 
range 72—935 keV which covers the important temper- 
ature range (0.5—25) x 10° K, while recent work by 
Landre et al. [143] uses the proton stripping reaction 
"OCHe, d)'*F to study proton widths of states in '*F 
near threshold. Their measurements lead to substantial 
changes in the stella reaction rate for '’O(p, a)'*N 
reaction, which in turn leads to a readjustment in the 
isotopic ratio '°O/'’O in red giant stars. They also 
point out that they could find no experimental data 
before November 1989 below 400 keV for the specific 
reactions '’O(p, a)'*N and '’O(p, y)'*F which destroy 
O in stars. 

Many of the examples we have quoted do not easily 
lend themselves to conventional analytical techniques 
such as wet chemistry especially when high sensitivity, 
good depth resolution and nondestructive analysis of 
small samples are required. The nuclear techniques 
described below are an attractive alternative. Charged 
particle beams of light ions p, d and He, with energies 
0 to 4 MeV, have ranges in most materials of much less 
than 100 ym and are readily tailored for nuclear 
reaction analysis (NRA). 

We have restricted this review to the energy range 
0-4 MeV for a good reason; it corresponds to ion 
energies below or near the Coulomb barrier for oxygen 
(2.3 MeV for protons, 4.6 MeV for helium ions), so we 
do not have to deal with too many resonant nuclear 
reaction processes or reaction channels. Furthermore, 
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the energy and current range required is easily covered 
by the vast majority of the hundreds of charged particle 
accelerators found in physics laboratories around the 
world. Many of these accelerators were developed in 
the 1960's for nuclear structure studies and these, 
together with many recently purchased electrostatic 
accelerators, are now being used to great effect for 
nondestructive ion beam analysis. 

In section 2 of this review we describe the IBA 
techniques required for oxygen analysis including reac- 
tion kinematics and yield calculations, in section 3 we 
provide detailed information on the most common 
nuclear reactions used for oxygen analysis, while in 
section 4 we describe how to prepare good reference 
standards for oxygen analysis. 


2. IBA techniques 


Historically oxygen was first studied using nuclear 
reaction analysis techniques by Amsel [189], in the 
early sixties, for the 1165 keV resonance in the 
'SO(p, a)'°N reaction. Much more pioneering work 
has followed this over the past three decades 
[67,82,86,138,139,157,180,187] on oxygen analysis and 
sample preparation. 

Deconninck [156] points out that even as early as 
1978 there were about one hundred original papers on 
the subject of IBA techniques for oxygen analysis, and 
quotes the six most popular reactions then as 


%O(d, p)'’O 
O(d, a)'*N 
"OCHe, a)"*O 


'SO(p, a )°N 
"O(a,n)**Ne @Q 


QO = 1.918 MeV, 
Q =3.111 MeV, 
QO = 16.435 MeV, 
QO = 3.980 MeV, 
0.699 MeV, 
2.438 MeV. 


'SO(p, n)'"F O- 


Typical experimental conditions for these reactions 
were proton energies of a few MeV, deuteron energies 
between 0.8 to 1 MeV and *He energies between 2 and 
5 MeV. Several MeV for (a, n) and (p, n) reactions 
with negative Q were most common. 

In table 2 we have listed the common nuclear reac- 
tions used for oxygen analysis found in our survey of 
200 or so references. We also give typical incident ion 
energies, analytical sensitivities and depth resolutions 
where information is given. Some of these more com- 
monly used reactions for each isotope will be discussed 
in detail in the following sections. The table is set out 
in increasing incident ion mass then increasing isotope 
mass. The references quoted are not meant to be a 
comprehensive list of all references pertinent to that 
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Table 2 


Typical incident ion energies, sensitivities and depth resolutions for nuclear reaction analysis of oxygen 





Reaction Incident energy Sensitivity Typical resol 
[MeV] [we/e) [nm] 


References 





©O(p, y)'"F 300 [29,40,45,51,70,117] 

'©O(p, p)'°O 5 1-10 at.% 200 [34,54,56,61,122, 
123,129] 

'6Q(p, a)'°N 5.4-10 0.2-1.0 at.% 20-50 [5,71,114,161,162] 

'©O(d, p)'’0 0.5-4.0 0.1-1.0 at.% 30-50 [2,3,8,10,13, 

(x 10 foils) 16,17,20,27, 
38,48,55,65, 
73,75,82,107, 
110,112,114,120, 
123,124,130,131,132, 
135,147, 150,153,155, 
157,158, 163,180,181, 
182,187,195,196] 

'©O(d, a)'*N 5 0.3-1.0 at.% 2 [2,6,10,15,16, 
37,39,44,74,107, 
110,111,114,121, 
132,147,150,153, 
155,187,195] 

!©O(d, n)'’F 5~3.5 0.1 pg /em? 5 [1,7,57,114,161, 

100 187] 


O(t, n)'SF 2 5 ppm, 5-25 ppb {11,19,31,50,60, 


4x 10" at/cm? 64,71,114,161,162] 
'6OCHe, p)'*F 2 0.3 at.% [4,24,25,26,30, 


300 ppb at 18 MeV 33,36,38,41,52 
60,64,65, 108, 


28, 130,132,133, 
162] 

'O(PHe, a)"°O 2 [24,35,41,65,67, 
108,124 
179,190,191,195] 

O(a, a)'®O 3x 10° atoms /cm* 5-15 [14,18,22,28,42,43, 

1-10 at.% 49.53,56.58.59.60. 
62,63,66,68,69,75, 
106, 109,115,119, 
123,124,164,175,193 


196] 
O(a, 875 [19,32] 


O(a, 

O(a, [69,76] 

O(a,’ . [30,64,162] 

lOO, ‘ [23,160] 

O(n, (9,12,20,21, 

46,47] 

[76,103,143, 
166-169] 
[5,76,80,86,91, 
102,135,145,194] 
[76,80, 106,145,148] 
(2,24,79,82,83-87, 
90,92-98, 101,102, 
105,106,111,113,116, 
124,135,136,142,144, 
145,146,151,156,157, 
171,172,181,183,184, 
185,187] 


1.0-6.0 


1.0-—6.0 
0.1-3.5 
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Table 2 (continued) 


Typical incident ion energies, sensitivities and depth resolutions for nuclear reaction analysis of oxygen 





Reaction Incident energy 


[MeV] [ue/e) 


Sensitivity 


Typical resol 
[nm] 


References 





'SO(p, n)'*F 2.5-20.0 


8’O(d, py)""O 
'SO(d, a)'®N 
SOC He, 'd)'°F 
BO(a, a)'O 
'8O(a, ny)?'Ne 


SIMS 0.001 at.% 
5x10" cm 


ERDA ; 5 at.% 
Sample preparation 


Computer simulation 


70 ng cm? 
0.01 at.% 


1-10 at.% 


[2,77,81,89,99,104, 
114,135,144,161,176] 
[76] 

[187] 

(88) 

[7] 

[48,78] 
[18,41,58,74,87,100, 
149,154,184, 

plus lots more} 
[68,72,74] 
[2,90,92,96,97,98,105, 
137,138,139,140,141, 
142,157,180,183,184, 
186,188] 
[124,152,172,190,197] 





reaction but they should be a representative list that 
includes the majority of relevant data on that reaction. 

The '°O section contains 16 reactions and about 
85% of the surveyed references, the '*O section has 
nine common reactions and about 37% of the surveyed 
references, while all the '’O reactions together contain 
only a handful of references on (p, y), (d, py), (a, py), 
(p, a) and (*He, d) reactions. These proportions 
strongly reflect the relative isotopic abundance and 
hence the usefulness of each isotope for oxygen analy- 
sis using ion beams. The fact that the '*O abundance is 
a factor of 500 down on '°O and the '’O is nearly a 
factor of 2700 down on '°O makes it no surprise that 
"O nuclear reactions would have to have particularly 
high cross sections to be useful for oxygen analysis. 

The most population reactions for oxygen analysis 
are the '°O + d reactions. These have the disadvantage 
that low deuteron energies and currents must be used 
to keep neutron production on light nuclei down. For 
this reason, recently the '°O +*He reactions and event 
the '°O +a elastic scattering reactions have become 
quite common. The '*O + p reactions are by far the 
most common for this isotope. 

Historically *He beams have only been used by 
relatively large accelerators, like cyclotrons. The earlier 
lower energy Van de Graaff accelerators, for example, 
operating below 2 MV or lower did not produce high 
enough yields for analysis of oxygen. Recently, how- 
ever, with more accelerators operating in the 2 to 5 
MV region both O(a, a)'®O resonance scattering 
and *He +'°O reactions have become popular 
[24,35,65,67,124,179,190,191]. 

Abel et al. [67] quote the following advantages of 
*He-induced reactions: (1) lower neutron yields at 


medium energies than deuteron beams, and (2) possi- 
bility to carry out simultaneous *He RBS and NRA 
measurements which complement each other. 

Rutherford Backscattering (RBS) using a particles 
for oxygen analysis routinely gives depth resolution 
5-15 nm with sensitivity around 3 x 10° atom/cm? 
with a small loss in depth resolution. (a, a) resonance 
scattering can increase this sensitivity by more than an 
order of magnitude which is particularly useful when 
looking at low level oxygen contained in thin layers 
such as GaAs—oxide interfaces in the study of passiva- 
tion of GaAs surfaces by anodic or plasma oxidation 
[43]. 

A major drawback for the RBS analysis of oxygen is 
the fact that Rutherford cross sections are propor- 
tional to Z*, the atomic number of the target. Hence 
small oxygen yields are superimposed on much larger 
high-Z backgrounds. However, as the incident energy 
is increased low-Z backscattering often becomes non 
Rutherford due to nuclear effects. For example, in 
oxygen at 2 MeV proton scattering is four times that of 
Rutherford [61]. Ref. [62] quotes cross sections for 2 to 
5 MeV “He for elements above argon as being Ruther- 
ford but for lighter elements such as oxygen may be 
strongly non-Rutherford and should be measured, see 
Leavitt et al. [66] for example. 

Similar measurements for oxygen on high tempera- 
ture superconductors have also been performed by 
Barbour et al. [56] using 2.5 MeV protons and 8.7 MeV 
alphas with depth resolutions of 200 and 50 nm respec- 
tively giving ratios of cross sections to Rutherford of 5 
for protons and 22 for alphas at these energies. 

A quick survey of table 2 shows that an accelerator 
capable of producing p, d, *He and *He beams of a few 
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Table 3a 
Q values for proton reactions 





Target Outgoing particle 





n d 





16.199 13.439 

3.544 1.920 11.326 
2.4379 5.820 3.7069 
18.120 16.497 23.363 
5.926 8.329 22.136 


~ 4.021 8.206 


11.099 





Table 3b 
Q values for deuteron reactions 





Target Outgoing particle 





Po P; 
6D 1.9191 1.040 1.623 9.4065 3.1104 
"90 5.8199 3.836 3.384 2.113 9 7995 
80 1.734 1.638 5.7685 1.786 4.247 
RC 2.722 —-0.367 0.281 12.465 1.339 
l4nj 8.609 3.338 5.072 4.296 13.574 
19F 4.377 3.721 10.624 4.174 10.034 








Table 3c 
Q values for *He reactions 





Target Outgoing particle 





Po P; n d 
lO 2.0328 1.096 —3.196 —4.892 15.435 4.915 
"9 8.321 8.209 4.298 0.113 2.780 16.433 
8O 6.878 6.222 13.125 2.4998 1.673 12.535 
RC 4.779 2.466 —1.147 —3.550 17.357 1.856 
4n 15.242 9.193 —0.957 1.804 5.162 10.025 
OF 11.890 11.540 7.562 7.355 3.258 10.147 








Table 3d 
Q values for a reactions 





Tar- Outgoing particle 
get 





Po P; n d 


QO -—8.114 —8.224 —12.1344 — 16.321 16.433 
"QO —5.657 —6313 0.590 —10.033 12.535 
BQ —5.598 -—5.878 —0.693 11.475 16.620 
2C —4966 —10.236 —8.502 — 13.574 - 15.632 
4N -1.191 —2.062 -—4.734 —-3.111 9.745 
°F 1676 0.401 —1.949 6.463 13.976 








MeV is a most useful tool for oxygen analysis to 1 at.% 
or better than with a depth resolution of 20 nm or so. 

The table also lists a few key references on standard 
reference sample preparation and a few recent refer- 
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ences containing computer simulation codes, such as 
RUMP [197], which are capable of fitting nuclear reac- 
tion spectra. 

Secondary ion mass spectrometry (SIMS) [58,74,87, 
149], is also a powerful low energy ion technique capa- 
ble of low level oxygen analysis and depth profiling. 
However, this is considered to be outside the scope of 
this review and the references listed are for general 
interest only and only include references where com- 
parisons for oxygen analysis have been made. 

Several reactions listed in table 2 have more than 
one reaction channel which can proceed. For example, 
deutrons and *He ions not only produce p’s and d’s but 
also subgroups of these such as p, to py or a, and a, 
depending upon the reaction kinematics, the Q for 
each reaction channel and the excited state of the 
product nuclei. In tables 3a—3d we list the Q values for 
proton, deuteron, *He and alpha reactions on oxygen 
producing the common outgoing particles a, Ppp, p,, n, 
d and t. We have also included other light nuclei '*C, 
''N and '’F which are often present in significant 
amounts in the target or detection systems and may 
produce interfering outgoing particles of similar ener- 
gies. The reactions with negative Q values have thresh- 
olds for the incoming ion of energies at least as high as 
the Q value itself. For instance all (p, n) reactions 
listed in table 3a have negative Q values and hence, if 
neutron production is a problem, reactions involving 
proton energies below 2.4 MeV will not produce signif- 
icant numbers of neutrons. High positive Q reactions 
are generally favoured for oxygen analysis as they pro- 
duce outgoing particles of high energy which also are 
readily resolved in modern day detection systems. For 
example, the '°O(*He, a) reaction below 3 MeV should 
be quite useful because it has a high Q value of 4.915 
MeV but a negative Q value of 3.196 MeV for 
neutron production. The '°O(d, a) and '*O(p, a) reac- 
tions are similar but with somewhat lower Q values. 
This explains the relative recent popularity of these 
reactions for oxygen analysis. The ''O +*He reactions 
have particularly high Q values and hence should be 
very useful for nuclear reactions analysis of this iso- 
tope. We see that reactions like '*O(*He, a or p) are 
not so favoured because of the large positive Q value, 
13.125 MeV for neutron production which means that 
even at low *He energies one has to cope with high 
energy neutrons. These tables are therefore very good 
for selecting appropriate nuclear reactions for analysis. 


2.1. Reaction kinematics 


We have already introduced the concept of Q value 
for a reaction and talked about incoming ion and 
outgoing particles energies. Nowadays for a full quanti- 
tative analysis using ion beams it is necessary to con- 
sider the nuclear reaction kinematics and yields. There 
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Proton Beam 
—t. 


850 keV 








V 4 / A Detector 
Fig. 1. Schematic of typical nuclear reaction analysis (NRA) 
experiment. The detector is usually a surface barrier detector 
and Mylar or Ni foils may be used to stop scattered particles 
reaching the detection system 


is nothing new about these concepts [55,170,173] and 
only the results are quoted here for completeness. 
Consider a typical nuclear reaction experiment 
shown schematically in fig. 1. This particular reaction is 
the '*O(p, «)'°N reaction in Ta'O, enriched target at 
the 846 keV resonance. The ion beam is incidence on 
the target at angle a shown, the outgoing particle is 
produced at depth in the sample, leaving the surface at 
angle B, resulting in a reaction angle / =a + B. The 
outgoing particle may sometimes pass through a foil 


Table 4a 
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(such as Mylar or Al) used to stop scattering input ions 
from reaching the detector. Following the standard 
nomenclature of the Ion Beam Handbook [173] we 
have for the lab energy of the light product 


E,/E, =B\cos #+(D/B-sin?y)'”| , (1) 


where we use only the plus sign unless B > D, in which 
case wW =sin~ '(D/B)' 


max 


(1) are defined thus 


2 Other parameters in eq. 


E,=E,+Q, 
M,M,( E,/E+) 


~ (M, +M,)(M,+M,)’ 
M,.M,( E,/E,) 
(M, +M,)(M,+M,)’ 
M,M, M,Q 
~ (M, +M,)(M,+™M,) [ " MSE, | 
M,M, | M,Q 


D=— —— - ae, 
(M, + M,){ M,+M,) M,E, 


(6) 


Subscript | refers to incident ion, 2 to the target, 3 
to the light product and 4 to the heavy product. Note 
also that A+B+C+D=1 and AB=BD. 

The centre of the mass angle of the light product @ 
is given by 


(7) 


and the ratio of the centre of mass cross section o(@) 
to lab cross section o(w) for the light product is given 
by 


a(@) sin?w 
—— = ——cos(0—-w). 
a(w) sin*é 


Oxygen-16 input/output energies and ranges in Mylar for selected reactions and angles 





Reaction Q [MeV] 





Energy [MeV] 
la 


| “out 


90 160 


Range in Mylar [pm] . Tom 





R : a (160°) 


out 


90 





(p, p) 0.0 0.881 0.783 


(d, py) 1.9191 2.645 2.414 
y 4 3.893 3.456 

(d, p,) 1.049 1.823 1.633 
3.071 2.686 

(d, a) 3.1104 3.085 2.607 
4.084 3.241 
3.896 3.304 
3.009 2.572 
5.457 4.327 
1.499 0.927 


(*He, po) 2.0328 
(He, p,) 1.096 

(He, a) 4.915 

(a, a) 0.0 


NNN WN NW 


15 
91 
175 
49 
117 
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Table 4b 
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Oxygen-17 input /output energies and ranges in Mylar for selected reactions and angles 





Reaction Q Zz nergy [Mev] an 
[MeV] a 


in 





(p, 0.0 
(p, 1.191 . 1.400 
(d, 5.8199 2 6.006 
y 7.022 
(d, 3.836 é 4.186 
5.226 
7.643 
8.175 
9.116 
9.016 


12.912 


(d, 9.7995 


(*He, po) 8.321 
(*He, p,) 8.209 
(*He, a) 16.433 


NNNNe't 


AAA 


Range in Mylar [pm] 


0. m 0, m 


[deg] o (160°) 


160.0 1.00 
161.7 1.19 
160.6 1.06 
160.9 1.09 

1.07 
1.10 
1.10 


160.9 
160.9 





Table 4c 


Oxygen-18 input /output energies and ranges in Mylar for selected reactions and angles 





Reaction Q 
[MeV] 


Energy [MeV] 
E I 





“out 


90! 


Range in Mylar [ym] 


[deg] a (160°) 








(p, p) 0.0 0.894 0.805. 


(p, a) 3.9804 3.761 3.424 
(d, Po) 1.734 2.495 2.293 

y 4. 3.769 3.380 
(d, p,) 1.638 2.404 2.206 
3.678 3.294 
4.097 3.592 
5.146 4.274 
8.570 7.878 
7.945 7.290 
11.811 10.238 


(d, a) 4.247 


(He, po) 6.878 
(*He, p,) 6.222 
(7He, a) 12.535 


l. 
2. 
r 
2 
2 


160.0 1.00 
161.0 1.10 
161.0 1.09 
161.1 1.12 
160.9 1.09 
161.2 1.12 
161.4 1.15 
161.9 1.22 
160.9 1.09 
160.9 1.09 
161.5 1.16 





We have used eqs. (1)—(8) and the stopping power 
tables of ref. [177] to calculate outgoing particle ener- 
gies E,=E,,,, for given input ion energies E, = E,,, at 
two reaction angles 90 and 160°. The thickness of 
Mylar foil to just stop the incident ion and the outgo- 
ing light product and conversion factors from lab to 
centre of mass frame. These are listed in tables 4a—4d 
for '°O, 'O and '8O reactions, respectively. The input 
ion energies of 1 and 2.5 MeV have been selected as 
those commonly used in the region 0-4 MeV covered 
by this review. Again we see the effects of the kinemat- 
ics producing larger E,,,, values for larger Q values 
and lower E,,,, values for larger reaction angles as 
expected. 

If the Mylar foil of fig. 1 is to be designed to just 
stop the scattered input ions but let the light product 
particle through then R;, must be significantly less 
than R,,,, in table 4. Otherwise a foil cannot be used 
for that reaction. Clearly foils are good for *He reac- 
tions with large Q values, but cannot be used for high 


energy, 2.5 MeV, (d, a) reactions because the range of 
a particles in the foil is less than the scattered deuteron 
at the appropriate energy. Foils that are necessarily 
thick enough to stop the incident ions may also pro- 
duce large energy losses in the product particle and 
consequently large straggling losses which in turn ef- 
fect depth profiling resolution for that reaction [178]. 
Table 4 also gives the conversion factors from lab 
frame to the centre of mass frame for the light product 
particle. Generally the angles differ by only a few 
degrees, however the cross sections can differ by more 
than 10%. It therefore becomes important to note 
which frame your measurements are quoted in, since 
modern nuclear reaction cross sections can be made to 
+2 or 3% or better. Much of the more modern work 
performed since 1975 is quoted in the lab frame, while 
earlier work through the 1960’s, by Amsel et al. see for 
example ref. [173], is in the centre of mass frame. 
However, many others have not bothered to note which 
frame their cross section results are quoted in. This 
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may explain some of the differences between graphical 
data presented later in this review. 


2.2. Reaction yields 


The nuclear reaction yields have been discussed at 
length for thin and thick targets, for resonant reaction 
cross sections, and for target concentration profiles in 
refs. [13,15,157,170,173]. As we expect Amsel to review 
this topic further in these proceedings we only quote 
the simple case of a uniform concentration profile in a 
thin target. Hence the counting rate N(Hz) into a peak 
for a given reaction of cross section o(mb/sr) is given 
by 


N=10°77Qnoe_ counts /s, (9) 


where | =i/(q X 1.6 X 107 '’) is the beam current ex- 
pressed as the number of incident particles /unit time 
f is the detection solid angle (msr), 1 is the number of 
target atoms/cm? and e is the detection efficiency 
(usually near 1). For a beam current i = 1 pA, J = 6.25 
x 10'* particles /s of unit charge (q = 1), if 2 = 1 msr, 
ao = 1 mb/sr and we have a count rate of 1 Hz into a 
peak, then for 100% detection efficiency, eq. (9) gives 
us a sensitivity of n= 1.6 10'* atoms/cm’. Beam 
currents of | »A are typically quite high except for 
cooled or metal targets (1 pA at 1 MeV is 1 W), 
currents of 100 nA are typical for nuclear reaction 
studies so it is easy to see why resonant nuclear reac- 
tions with cross section of 10 mb/sr or higher are 
favoured for ultimate sensitivities around 10" 
atoms /cm?. For a 200 nm thick target of most materi- 
als we would expect between 10'’ and 10'* atom/cm* 
so 10'* atoms/cm? oxygen atoms corresponds to 0.1 to 
0.01 at.% sensitivity. A glance through table 2 shows 
that most practical sensitivities are an order of magni- 
tude worse than this. This is mainly due to background 
or interfering reactions or reduced currents necessary 
to minimise target damage and heating effects. 

The charged particle activation (CPA)-type reac- 
tions like '°O(t, n)'*F, ‘OC He, p)'*F or “O(p, n)'*F 
require different yield calculations than those of eq. (9) 
because the heavier product ('*F) is a radioactive 
positron emitter decaying with a short half-life (109.7 
min) to 511 keV annihilation y-rays, which are used to 
analyse for the oxygen content. As shown in table 2, 
CPA analysis techniques can have particularly good 
detection limits for oxygen in the ppb region under 
favourable conditions. Bethge [38] gives the oxygen 
concentration (kg /m*) for CPA as 

NWF, 
C= ; (10) 
ieFR(1 —e~*" Ng 





where N, is the initial counting rate (after activation), 
W is the mass number, F, is the isotopic abundance, i 
the average beam current, € the detection efficiency, 7 


Table 5 

Positron emitting (p,n) reactions may compete with the 
'SO(p, n) reaction when using the 511 keV y-rays for oxygen 
analysis. Taken from ref. [89] 








Element Reaction Threshold Ti 2 
[MeV] 
'SO(p, n)'*F 2.4 
*F(p, d)'*F 8.2 109.8 min 
™Ni(p, n)™’Cu 6.9 23.4 min 
INi(p, n)"'Cu = 3.0 3.4h 
© Ni(p, n)®Cu 4.7 9.7 min 
*Ni(p, n)™Cu 2.5 12.7h 
“Culp, ny Zn 4.2 38 min 
™Cu(p, n)Zn 2.1 250 days 
Zn(p, n)’Ga 6.0 92h 
*’Zn(p, n)°’Ga 1.8 3.3 days 
Zn(p, n)"’Ga 3.7 68 min 





109.8 min 





the average cross section, R the range of activating 
particles, 7 the irradiation time, A the decay constant 
(In 2.7, ,.) and N, Avogadro’s number. 

For the charge particle activation one has to be 
certain that oxygen is the only isotope activated and 
hence the only element contributing to the annihilation 
511 keV y-rays. These problems can be unfolded to 
some extent by looking at the decay of the 511 keV 
y-ray with time and waiting for short-lived contribu- 
tions, like ''C (20.4 min) or 'N (9.96 min), to decay 
away [38,89]. However, this also reduces the techniques 
sensitivity to oxygen analysis. Wai and Dysart [89] list 
potential interfering positron emitters produced during 
proton activation of oxygen. For example, the 
'SO(p, n)'*F reaction has a threshold of 2.4 MeV and 
reaches a maximum cross section of about 0.5 b at 
around 5 MeV. At this proton energy, table 5 taken 
from their work, shows other (p, n) reactions in Ni, Cu 
and Zn which are positron emitters with half lives 
comparable to that of '*F. They point out that radio- 
chemical separation of '"F may become necessary to 
obtain the best sensitivities. 


3. Reference standards 


One of the basic requirements of many analytical 
techniques is the production of stable, uniform, well 
characterised reference standards and ion beam analy- 
sis is no exception. For oxygen analysis using ion beams 
the reference standards typically used are Ta,O,, SiO, 
or Al,O, [2,138-141,142,181,183,186], with Ta,O, be- 
ing the preferred standard [92,96,98,140,141]. Gener- 
ally the nature of the target backing is unimportant 
provided it is a material with high enough atomic 
number to avoid interfering nuclear reactions and of 
high enough purity so that no unwanted signals appear 
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THE CIRCUIT 


|(-ve) CARBON 
=] 


T(ve) TANTALUM 


CARBON ELECTRODE 


4 O ENRICHED 
PERSPE X WATER 





~] O RING SEAL 


[TANTALUM - 


I BRASS (+ve) | 


THE CELL 








Fig. 2. The circuit and anodising cell used to prepare Ta,O, 
reference standards of known thickness 


from trace elements in the backing. For high current 
ion beams (several hundred nanoamperes) tantalum 
metal is ideal because it withstands the heating and 
ionising effects of the beam, it is easy to obtain in the 
very pure state and it is easy to oxide in dilute aqueous 
solution. We have used Ta,O, standards in our labora- 
tory now for nearly nine years with very little deteriora- 
tion. The standard deviation of several hundred results 
taken over this time is better than +2%. Similar long 
term stability under ion bombardment has been noted 
by Amsel et al. [138]. 

The Ta,O, reference standard is prepared by nor- 
mal anodic oxidation techniques [138]. The film thick- 
ness is strictly proportional to the voltage drop across 
the film during anodisation for a given cell current and 
temperature. The use of Ta,O, reference standards 
for ion beam analysis work was pioneered by Amsel 
and the Paris group 30 years ago. 

Fig. 2 shows a schematic of a typical cell and the 
simple electronics used to drive it. The current is 
limited to 1 to 2 mA/cm? since at higher values 
heating effects in solution may be detrimental. Cells of 
this type to anodise tantalum using aqueous solutions 
of as little as 150 yl have been used by Cohen et al. 
[92,98]. This may be important when using very small 
samples of the expensive rarer isotopes such as '*O or 
'’O enriched water. The tantalum foil is typically 1 cm? 
99.95% pure, 0.2 mm thick and good electrical contact 
is ensured by polishing the brass electrode and press- 
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ing the Ta backing firmly onto it using the perspex cell 
block and rubber O-ring to seal. 

It is most important to polish the Ta metal before 
anodising. Firstly, degrease in acetone and then rub 
gently with 1200 wt and dry paper under flowing water. 
Do not overdo this as the surface may work harden or 
you may reveal grain boundaries and affect the oxide 
layer’s adhesion properties. Chemically polish for 15 to 
20 s in a mixture of 50 ce of 95% H,SO,, 20 ce of 
50-70% HNO, and 20 ce of 45-48% HF. If the oxide 
layer is to stick properly to the substrate it is most 
important to then wash this thoroughly for 5 min in 
boiling triple-distilled water to completely remove all 
traces of acid.Amsel et al. [138] stress that chemical 
polish is essential to obtain reliable standards as unpol- 
ished or ill-polished samples will produce electronic 
losses during anodising that will affect the results. 

The cell electrolyte should be triply distilled water 
('°O) with 5% by weight ammonium citrate solution 
buffered to pH = 6 with ammonia. The temperature 
should be constant and noted. Other electrolyte solu- 
tions work just as well, e.g. 0.0LIN H,SO,, 1% NaCl or 
KCL, and 0.0016M orthophosphoric acid [2,140,188]. 

Using the cell and circuit of fig. 2, the oxide thick- 
ness (f(A) is given by 


t=a(V+b\)(T +c), (11) 


where a, b and c are constants and JT is temperature 
(°C) and V is the voltage across the film. Oxide thick- 
ness ('°O) before anodising and after polishing is typi- 
cally 40-50 A thick. Recent values for the film density 
p = 8.20 gem * [140] are higher than previously quoted 
values of 8.03 g cm~* [138] and 7.93 g cm * [142]. The 
conversion from thickness #(A) to n(atoms/cm?) for 
Ta,O. is: 


n=(5N,pt/W)x 107° atoms/cm* (12) 
= 5.5874 x 10'4(A) atoms/cm’, (13) 


where N, = 6.022 x 107° and W = 441.893 for Ta?O,. 

Eq. (11) shows that for a given temperature 7 the 
thickness 1(A) is proportional to the voltage V. A plot 
of f, as measured by standard ellipsometry techniques 
[174], versus V is indeed a good linear fit. Such a plot 
is shown in fig. 3 and taken from ref. [98]. It assumes 
the complex refractive index of tantalum is nm, = 2.145 
and for Ta,O,; n,=3.3-2.25i and gives a slope of 
16.42 A/V at 20°C. 

Eqs. (11)—(13) then show that for say a 120 V target 
(1970 A) at 20°C we have ~4% change per 10°C 
change in temperature and it contains 1.10 x 10"* 
atoms/cm’. This demonstrates the need to maintain 
the temperature constant to within a few degrees if 
targets of 1% precision are to be made. 

Recent work by Nwosu and Fischbeck [96] show 
that this constant of proportionality is a function of the 
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ELLIPSOMETER THICKNESS MEASUREMENTS ng¢ 2-145 ny 3-3- 2-25: 





3 


(ANGSTROMS) 10 


TARGET THICKNESS 











a 120 180 
CELL VOLTAGE (Vv) 
Fig. 3. Typical plot of Ta,O, thickness as measured by ellip 
sometry techniques versus cell voltage. The complex refractive 


index for Ta was 2.145 and its oxide 3.3-—2.25i 


electrolyte and its pH being only 15.7 + 0.3 A/V for 
distilled water and 16.3 + 0.2 A/V for 3% by weight 
ammonium citrate (pH = 6.5). Their values for serum, 
plasma and urine samples at pH values from 6 to 8 are 
given in table 6 and show that this constant increases 
with increasing pH. 

Targets from 0 to 150 V_ corresponding a few 
nanometres to 250 nm are readily prepared on tanta 
lum. Hence thin targets can easily be prepared for 
nuclear reaction cross section work. For instance, for 
the 846 keV proton resonance in '“O(p, a)'°N reaction 
the stopping power of protons in Ta,O, is around 103 
MeV cm? g’! giving an energy loss of ~ 8.4 keV/100 
nm of oxide film. So for a 10 V Ta}O, target the 
proton loss in the target is only 1.4 keV at 846 keV 
more than sufficient to measure the 47 keV wide 
resonance at this energy, even at small reaction angles 

The oxide layers formed on tantalum by this tech- 
nique are very stable and uniform and their thickness 
is well characterised by their colour [92]. These colours 
are clearly visible, if a perspex cell is used, as the film 
voltage drop increases. Colours for the first order 
processes are straw brown, mauve, deep blue, corre- 
sponding to 12-38 V then blue becoming lighter and 
finally disappearing and becoming colourless (38-62 
V). At about 60 V the second order appears starting 
with gold, yellow, orange, mauve and then sky blue 


Table 6 


(62-125 V). At around 105 V the third order appears 
before the second has reached the infrared from 105- 
135 V the second and third orders overlap mixing 
colours producing green. At greater thickness overlap- 
ping of many orders occurs more frequently and at 
around 300 V four bands overlap and the colour is an 
uninteresting matt grey 

Seah et al. [141] recently compared the measure- 
ments of 6 international laboratories on a round robin 
of two Ta,O, standards prepared using the above 
methods and found that results agreed to better than 
+ 2.2% on the thin 30 nm sample and +1.9% on the 
100 nm sample. Analysis techniques include 
'°O(d, p)'’O, RBS and ERDA and this close agree- 
ment shows that we can can, with care, prepare stan- 
dard reference oxide layers for ion beam analysis using 
these analysing techniques on tantalum 

In a similar fashion to that described above alu- 
minium and silicon can be anodised [2]. For aluminium 
the electrolyte is usually ammonium citrate and yields 
film thicknesses of 13.7 A/V with base oxide thick- 
nesses of between 5 and 10 nm. For high purity silicon 
wafers dry glycol containing 0.4% KNO, in water yields 
film thickness of 6.2 A/V. The SiO, films are a little 
more difficult to prepare 

Having prepared the reference standard one can 
use these to calibrate the experimental geometry, if the 
cross sections are known, or measure other unknown 
reaction cross sections relative to known ones for a 
given experimental geometry. Section 2.2 shows that 
the target yield from such a standard can be expressed 
as 


- 


Y = 3.75872 x QONeF |F, sin a, (14) 
where x (ug cm *) is target thickness, o is the cross 
section (mb/sr), Q (uC) is total charge hitting the 
target, £2 (msr) is the detector solid angle, F, is the 
isotopic enrichment fraction, F, is the number of iso- 
tope atoms per molecule of atomic weight W and a is 
the angle between the incoming beam and the target 
surface. For example, for a 10 V Ta’O, made from 
87% enriched '*O water we have x = 13.45 yg cm~?, 
F, = 0.87, F, = 5, W = 450.592 and hence the yield /~C 
msr at normal incident is 0.4880 (mb/sr). A typical 15 
min run on these metal targets can accumulate 200 pC 
of charge, so with a 10 msr solid angle one requires 
nuclear reactions with cross sections greater than | 
mb /sr or so in order to acquire more than 1000 counts 
in the spectrum. 


Anodic constant [A/V] for Ta,O, targets made from biological fluids at 22°C. Taken from ref. [96] 





Water Plasma 





Serum 





pH 6 
Anodic constant 15.7+04 


6.0-6.4 
16.2+0.4 


68-73 
16.7+0.4 





7.0-8.0 
17.34+1.2 
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Table 7 
Rutherford elastic scattering cross sections [mb /sr] for 2 MeV 
*He on '°O, '8O, Al, Si and Ta 


Isotope Angle 





1006 
27617 





Studies on RBS of *He on '°O [175] and '°O [105] 
have shown that the elastic scattering on *He on these 
isotopes obeys the Rutherford scattering law for ener- 
gies below 2 MeV to a few percent. Since RBS experi- 
ments are easily set up it is reasonably common prac- 
tice to normalise results to 2 MeV *He backscattering 
yields, using eq. (14) and hence eliminate common 
errors such as those associated with solid angle, charge 
measurement and target thickness. The Rutherford 
cross sections for 2 MeV *He on '°O, '*O, Si, Al and 
Ta are given in table 7 to assist in this process. 

The (p, p) scattering results are clearly non Ruther- 
ford as shown below in figs. 4 and 31 especially above | 
MeV on both '°O and 'SO and hence are not too 
useful for standardisation purposes. 


4. Nuclear reactions for oxygen analysis 


In table 2 we have listed many reactions for the 
analysis of oxygen isotopes. The list of references shows 
that some of these have been more popular than oth- 
ers. We now consider a selected few of these in more 
detail in an attempt to show the state of recent data 
and where there are gaps in the current data. Much of 
the cross section data in the ion energy range 0-4 MeV 
is now quite old. Recent measurements have tended to 
concentrate on particular resonances or even on peak 
cross sections of particular resonances. The best reso- 
nance for nuclear reaction analysis is one which has a 
high peak cross section that falls to zero at energies for 
several hundred keV above and below the resonance 
energy. narrow resonances are best for profiling, while 
broader resonances give larger yields and hence better 
sensitivities. 

All nuclear reactions tend to be angular dependent, 
experimentally backangles are generally favoured (y > 
90°). However, some reactions like '*O(p, a)'°N at the 
846 keV resonance have higher yields at smaller 
reaction angles. In order to keep the graphic represen- 
tation of the data manageable we have restricted it to a 
couple of common angles and in some cases combined 
similar angles on the one graph. The nomenclature 
used for the data in the graphs is author /year /refer- 


Analysis of oxygen by charged particle bombardment 


ence / angle. Hence ABE90(67]160 refers to Abel et al. 
1990, ref. [67] and a reaction angle of 160°. No attempt 
has been made to separate out lab frame from centre 
of mass cross sections. Only data quoting differential 
cross sections (mb/sr) have been used, total cross 
sections were not used. 

The data displayed has been obtained from pub- 
lished tabulations where possible ref. [115] for exam- 
ple. However, tabulated data are scarce and much of 
the data have been laboriously read from published 
graphs. With modern personal computers and the 
portability of information stored on diskette we think it 
highly desirable that future nuclear reaction cross sec- 
tion measurements made over significant energy ranges 
should be made available in this format to all those 
who are interested. Modern data has tended to con- 
centrate on peak resonance cross sections, whereas for 
a full depth profile simulation on modern computers 
the complete resonance shape with angle and energy is 
often required to some degree of precision. 


4.1. '°O(p, p)"°O 


Rutherford scattering techniques have been popular 
for some time [55,170,173], alpha particles are more 
commonly used as already stated, however (p, p) scat- 
tering also has its uses for oxygen analysis. The refer- 
ences listed in table 2 are by no means complete but 
they are representative of recent applications for oxy- 
gen analysis and these and the references therein form 
a good starting point to quantify this reaction. 

The data cross section for '°O(p, p)'°O scattering 
are presented in figs. 4a to 4c for reaction angles 110, 
135 and 160°. In the region 1 to 2.5 MeV the data is 
similar in shape to Rutherford predictions but gener- 
ally lies well above it. 

There exists very little reliable (p, p) data below 2 
MeV before the work of Braun et al. [34] in 1983 
shown on our plots. The experimental data shows the 
basic 1/E? dependence for the cross section but Braun 
et al. give o@/og =3.5 at 2 MeV and 160° or 83+3 
mb/sr compared with Chu et al. [55] 94 + 2 mb/sr in 
centre of mass system at 160°. Barbour et al. [56] give 
o/0,=5 at 2.5 MeV and 165° with '°O analysis to a 
depth of 4 um and a depth resolution of 200 nm. They 
also demonstrate that there are no large resonances 
below 2 MeV and suggest that minor resonances occur 
at 2.66, 3.47 and 4.35 MeV in our energy range of 
interest. 

Luomajarvi et al. [122] recently measured o/c, at 
w = 170° for proton energies between 0.77 and 2.48 
MeV. Their results together with the earlier work of 
Chow et al. [129] are reproduced in fig. 5 together with 
a polynomial fit to this data namely 
7/0, = 1.21 — 1.06 x 10~7E + 11.50 x 10°°E? — 1.44 


x 10> "E3, (15) 
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Fig. 5. Plot of @/ag versus proton energy at 170° for (p, p) 
scattering. Taken from ref. [122 


the experimental value of Chow et al. [129] of a/o, = 
3.98 at 171.S° lab angle at 1.991 MeV with o = 83.9 
mb /sr 

Generally (p, p) cross sections on “O are 13-20 
times larger than the equivalent (d, p), (d, a) at 0.9 
MeV or (*He, a) at 2.4 MeV cross sections. Typical 
spectra produced are shown in fig. 6. These are taken 
from Xie et al. [61] at proton energies of 0.87 and 1.63 
MeV where o/c, are about 1.3 and 2.8, respectively 
The target is 0.5 mm thick CuO. The sampling depths 


"O(p,p) 


Thick Cud 











b) 


163 MeV 


Fig. 4. '°O(p, p)'°O cross section data for (a) 110°, (b) 135 
and (c) 160 











100 200 300 400 
with E in keV. Fits for four energies at angles between CHANNEL 
80 and 170° were also given by them. Eq. (15) gives Fig. 6. Proton backscattering spectra of CuO (a) at 0.87 MeV 
0/0, = 3.938 at 2 MeV and w= 170° compared with and (b) at 1.63 MeV. Taken from ref. [61] 
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Fig. 7. Backscattering detection limits for (p, p) and (a, a) 
scattering on '°O versus atomic number of the substrate 
Taken from ref. [54], no reaction angle given 


+ 


of these two energies are 2 and 7 um respectively. Fig. 
6a with a cross section closer to Rutherford shows 
similar 1/E* dependence with depth, however for the 
higher energy proton plot of fig. 6b the spectra is 
considerably flatter, the yield is reduced but the height 
of the oxygen edge is improved relative to copper. 

Fig. 7, taken from the work of Rauhala et al. [54], 
shows the (p, p) and (a, «) detection limits on '°O as 
the atomic number of the bulk impurity in a heavier 
substrate increases. For 2.3 MeV proton scattering the 
minimum detectable limit increases from around | 
at.% for magnesium oxide to over 20 at.% for tin 
oxide. This is a direct consequence of the Z* depen- 
dence of RBS on scattered ion yield. This figure also 
shows the superior detection limits for proton scatter- 
ing over alpha scattering at the same energy. The price 
one pays for this is significantly poorer depth resolu- 
tion of protons relative to alphas (200 nm compared 
with 10 nm). 


4.2. °O(d, p)”’O 


Deuterons of energy around | MeV have been 
extensively used for oxygen analysis with good sensitiv- 
ity and depth resolution. The Q values for this reaction 
are fairly high so proton energies are reasonable and 
table 4a shows that 10 to 50 wm Mylar foils may be 
used to stop scattered deuterons with energies up to 
2.5 MeV and still allow the proton groups through to 
the detection system. 

Several proton groups are possible for the (d, p) 
reaction over the energy range 0 to 4 MeV depending 
on the excited states of '"O. The Q values for these are 
given in table 8 together with selected (d, p) reactions 
that may interfere for deuteron energies of 1.10 Mev 
and reaction angle of 135°. The p, to p,; groups from 
'°O have negative Q values and hence thresholds for 
proton production require deuteron energies above 
their corresponding Q values. This is another good 
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Table 8 
Selected (d, p) reactions and emitted proton energies for 
(d, p) reaction at 1.1 MeV. Adapted from ref. [27] and ref. [10] 





Nuclide Q E, = 1.10 MeV, 135 
[MeV] E.,., (MeV) 
lO 1.9191 2.541 
1.049 1.728 
1.141 
929 
2.634 
3.163 
1.455 
l 
| 
l 


Proton group 


309 
038 
244 
1.145 


reason for using deuteron energies below 1.1 MeV. 
The other reason is that '°O(d, n,) (d, n,) reactions 
have Q values of 1.627 and —2.127 MeV, respec- 
tively, and hence there is minimal neutron production 
from '°O below those thresholds. Although D(d, n) 
reactions from implanted deuterium produces some 
neutrons at all energies. It is generally advisable to 
minimise neutron production at all energies. 

The interferences from '*N, '°B and ''B should 
also be considered when using the (d, p,) reaction on 
'°O since the '°O(d, p,) reaction around | MeV has by 
far the largest differential cross section at backward 
angles which makes it a favourite for analysis. Debras 
and Deconninck [10] also show that the 'N(d, p.) 
reaction with E,,., = 1.79 MeV, the '’F(d, p,,) reaction 
with E.,,, = 1.79 MeV, and the "Be(d, p,) reaction with 
Ey, = 1.55 MeV, for E, =0.9 MeV at 135° can possi- 
bly interfere with the '°O(d, p,) reaction. 

Fig. 8, taken from ref. [141], shows a typical spec- 
trum for the (d, p) reaction at the 973 keV resonance 











Channel 


16 


Fig. 8. Typical spectrum for “°O(d, p) reaction at 972 keV and 

150° on Ta,O<, 100 nm thick. Taken from ref. [141], a 15 pm 

Mylar foil has been used to stop the a, particles reaching the 
detector. 
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and 150° for a 100 nm Ta,O, film. The carbon peak 
arises from the '*C(d, p,) reaction on a 1 nm thick 
surface layer. This is a fairly simple spectrum with the 
larger (d, p,) peak well clear of interferences. A 15 um 
Mylar foil has been used to stop the a, particles from 
the (d, a,) reaction reaching the detector 

Figs. 9a to 9d show the "°O(d, p,) and (d, p,) cross 
section data for reaction angles of 135 and 150-170", 
respectively. Angular distributions for (d, p,) and 
(d, p,) for energies from 0.8 to 2.0 MeV are given in 
refs. [144,155]. The 973 keV resonance in (d, p,) rises 
from ~ 13 mb/sr at 165° to 15 mb/sr at 127° falling 
rapidly to between 8 and 5 mb/sr for forward angles 
below 66°. For (d, p,)) below 1.66 MeV resonance 
variations are small with angles above 120°. Forward 
angles below 66° increase the cross section in this 
region by about a factor of two or so. Generally for 
deuteron energies above 2 MeV (d, p,) cross sections 
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for small reaction angles are larger than for large 
backward angles 

The (d, p) cross sections fall away to values less 
than | mb/sr quite rapidly below | MeV. This together 
with the resonances near | MeV for (d, p,) and (d, p,) 
have made this reaction a popular choice for oxygen 
profiling and analysis. 

Low energy differential cross sections and their 
angular distributions have been studied by Longequeue 
et al. [150] for both (d, p,) and (d, p,) reactions down 
to 300 keV deuteron energies. However, Turos et al. 
[6,153], Seah et al. [141] and Vizkelethy [124] have used 
the small plateau at 800-900 keV, in the (d, p,) reac- 
tion at around 145° with a cross section of ~ 5 mb/sr 
for oxygen analysis. Vizkelethy [124] find the yields for 
p, are approximately 8p, yields at 135° and 834 keV. A 
typical spectrum taken from ref. [6] is shown in fig. 10 
for 600 nm SiO, target at a deuteron energy of 900 


Fig. 9. '°O(d, p) cross section data from (a, b) (d, py) and (c, d) (d, p,) at 135° and 150-170 
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Fig. 10. A typical '°O +d spectrum, taken from ref. [6] for 900 
keV deuterons on 600 nm thick SiO, target. No foils were 
used in front of the detector 


keV. Unlike the spectrum shown in fig. 8, this one does 
not use a Mylar foil to stop the (d, a,) products so they 
are clearly shown together with some **Si(d, py) con- 
tamination (x 10) and the usual '*C(d, p,) contamina- 
tion peak at high energies. 

The two a-particle groups a, (Q = 3.111 MeV) and 
a, (Q = 0.798 MeV) from the (d, a) reaction are easily 
stopped by Mylar or Al foils which also stop the 
elastically scattered deuterons, whereas the proton 
groups lose typically 10 to 30% of their energy. The p, 
ground state group is much more energetic than the p, 
group so interference after traversing these foils are 
minimal for moderately thick targets. 

Davies et al. [120] have used well characterised 
Ta,O, anodised foils to measure the cross section of 
the (d, p,) reaction at the 973 keV resonance. They 
find o = 13.3 mb/sr at 150°. This compares well with 
Lennard et al. [65] ao = 13.6 mb/sr at 150° but is higher 
than the earlier work of Amsel and Samuel [2] o = 12.5 
mb /sr at 150°. Earwaker [75] has measured the (d, p,) 
reaction at the 2.02 MeV resonance and gets 7.4 mb /sr 
at 174° and Amsel et al. [111] measured the (d, p,) 
reaction at the 1.66 MeV resonances as 19 mb/sr at 
90°. No recent measurements (since 1977) of the rather 
broad and large (d, p,) resonance at 2.1 MeV have 
been found. The cross section for this resonance as 
measured by Debras et al. [10] is around 32 mb/sr at 
135° larger than any other (d, p) resonance over our 
energy range of interest (0-4 MeV). Table 18.5 of ref. 
[132] gives maxima in the yields and peak widths for 
‘°O +d reactions including (d, p) and (d, a) for E, = 
0.8—11 MeV and the reader is referred to these for the 
other less commonly used (d, p) resonance energies. 

Typical depth resolutions for (d, p) reaction on oxy- 
gen are around 30 to 50 nm [35], Turos et al. [153] 
quote 20 to 50 nm at 850 keV deuteron energy with no 
foils. Foils of course may degrade this resolution by as 
much as a factor of ten in some cases, depending on 
the thickness used, deuteron input energy and the 
target thickness and angle. 


Analysis of oxygen by charged particle bombardment 





250 
200 
150 
100 

50 








b 1 1 an 
500 1000 1500 2000 
Deuteron energy (keV) 





Fig. 11. Differential excitation function for the production of 
871 keV y-rays from '°O(d, py) reaction. Taken from ref. [48] 


Deuteron beams on '°O also induce intense prompt 
y-rays of 871 keV from the reaction '°O(d, p,y)'’O 
and of 2.313 MeV from the reaction '°O(d, a,y)'*N 
and nothing from the (d, p,) and (d, a,) reactions [48]. 
Since '°O is the major isotope of oxygen this reaction 
offers quite good sensitivity (10 wg g ') and depth 
solution (50 nm) for oxygen analysis using y-rays. The 
excitation function for the 871 keV y-ray is shown in 
fig. 11. Carstanjen et al. [73] recently used this y-ray in 
coincidence with the p, group from '°O(d, p,) reaction 
to determine depth profiles of oxygen in the presence 
of nitrogen. This technique showed considerable im- 
provement in backgrounds due to interferring reactions 
between gated and ungated spectra. These are shown 
in figs. 12 to 14 for 900 keV deuterons on aluminium, 
tantalum loaded with 1.5 at.% nitrogen and 0.5 at.% 
deuterium and a comparison of the (d, p,) peak for 
surface oxygen on technical grade aluminium and bulk 
oxygen in potassium nitrate. Fig. 12 shows the Al target 
with the '°O(d, p,) and (d, p,) peaks together with 
proton groups from '*N(d, p,, p;, p<) and 'C(d, po). 
These groups are indicative of large amounts of C, O 
and N at the surface. Gating the spectrum by the 871 
keV y-ray reduces the background and reveals that the 
sample contains a thick oxide layer at the surface plus 
a small amount in the bulk (0.01 at.%). The '°N(d, p, <) 
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Fig. 12. Ungated (a) and gated (b) '°O(d, p,y) spectra for 900 
keV deuterons on Al using 871 keV y-ray. Taken from ref 
[73]. 
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Fig. 13. As for fig. 12 for Ta loaded with 1.5 at.% nitrogen 
and 0.5 at.% deuterium. Taken from ref. [73]. 


cross sections are 1-7 mb/sr for 600 to 1400 keV 
deuterons very similar to '°O(d, p,) cross sections at 
these energies. 

Fig. 13 is a similar gated and ungated spectra for a 
Ta target. The presence of 0.5 at.% deuterium pro- 
duces a large peak from the D(d, p)T reaction, which is 
all but removed by this coincidence technique. Again 
nitrogen and carbon contaminants are also removed. 
Fig. 14 is a comparison of the coincidence spectra for 
potassium nitrate, containing bulk oxygen and Al con- 
taining surface oxygen, demonstrating that oxygen pro- 
filing is also possible with this coincidence technique. 


4.3. Old, a)'4N 


The '°O +d reaction produces both proton groups 
(discussed earlier) and alpha groups. The Q for a, is 
3.1104 MeV, for a, is 0.798 MeV and for a, is —0.835 
MeV. Table 4a shows that the energy of the a, parti- 
cle is generally not sufficient to allow the use of foils in 
this experiment to stop the scattered deuterons reach- 
ing the detector. This generally means that target cur- 
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Fig. 14. Comparison of the coincidence spectra from KNO, 
and Al using 871 keV y-ray. Taken from ref. [73]. 
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Fig. 15. Spectrum obtained using a magnetic spectrometer for 
the '°O+d reaction on Ta,O, at 135° and 900 keV. Taken 
from ref. [16]. 











rents must be lower to cope with count rates into the 
scattered deuteron peak in the spectrum. Also the pile 
up of the backscattered deuterons (twice E,), if count 
rates are high, may overlap with the alpha energy. A 
typical spectrum for '°O +d reaction using a surface 
barrier detector is shown in fig. 10. The (d, a,) peak 
lies well above the (d, p,) and (d, p,) peaks but clearly 
depending on kinematics and target thickness, there is 
the potential for the (d, p,) and (d, a.) peaks to inter- 
fere. Some of the problems mentioned, associated with 
the detection of the particle products using a surface 
barrier detector, can be overcome by using a high 
resolution magnetic spectrometer [16]. These costly 
instruments are sometimes available in nuclear physics 
laboratories and overcome the need for absorber foils 
and significantly improve depth resolution however, 
count rates are generally low. Fig. 15, taken from ref. 
[16], shows the spectrum for '°O +d at 900 keV and 
135° for a 170 nm thick Ta,O, target measured using 
the Washington NRL double focussing magnetic spec- 
trometer. A position sensitive detector located in the 
image plane of the spectrometer was used. The spec- 
trometer resolution (AE /E) was 0.08% and the ulti- 
mate depth resolutions obtained 50 nm for (d, p,) and 
17 nm for (d, a,) are shown on the figure. 

Amsel et al. [2] point out that one advantage of the 
(d, a) reaction is that '°O and '*O can be analysed 
simultaneously. The 'O(d, a) Q = 4.247 MeV peaks 
(typically four of them) are usually 1 MeV higher in 
energy than the '°O peak because of the higher Q for 
this reaction. 

The cross section data for '°O(p, a) reaction at 90°, 
135-145° and 160-170° are shown in figs. 16a to 16c, 
respectively, over the energy range 0 to 4 MeV. The 
scale of the plots has been kept the same so that direct 
comparisons can be made. For 90° the early work of 
Amsel [111] between 0.8 and 2 MeV is the only tabu- 
lated data. Above 0.8 MeV and 1.5 MeV the (d, a,), 
(d, a,) and (d, p,) reactions are energetically possible 
but their cross sections are much smaller than the 
(d, ay). 
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Fig. 16. Cross section data for '°O(d, «) at (a) 90°, (b) 135-145 
and (c) 160-175 


Figs. 16 show that there are five or six main reso- 
nance peaks between 0.5 and 4 MeV. These reso- 
nances tend to have larger cross sections for more 
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backward angles. This is particularly so for the com- 
monly used | MeV resonance being less than 7 mb/sr 
at 90° but 16 or 17 mb/sr for angles greater than 160°. 
Angular distributions for the (d, a,) between 1 and 2 
MeV have been given in refs. [147,155]. 

Ref. [132] table 18.15 gives maxima yields for (d, a) 
reaction and their widths for E, from 0.8 to 11 MeV. 
For example, the five main resonances in our figures 
occur at 1.048, 1.765, 2.28, 3.13 and 3.68 MeV and the 
widths of the 1.048 and 1.765 MeV resonances are 
88 + 10 and 141 + 10 keV, respectively. Baumgartner 
et al. [107] measured the two major resonances at 3.85 
and 4.0 Mev with widths of 100 keV and 35 keV and 
ref. [135] gives these as 3.80, and 3.95 MeV with a 
width of 35 keV also. 

The cross section of the most commonly used reso- 
nance at 1.048 MeV has been measured by Debras [10] 
as 13.5 mb/sr at 135°, Picraux [15] at 12.5 mb/sr at 
160° and by Longegueue et al. [150] as 6 mb/sr at 90' 
and 19 mb/sr at 160°. Figs. 16b and 16c show consider- 
able shift (S50 keV between results of Amsel [111] and 
others near the | MeV resonance. Amsel gives 12.5 
mb /sr at 135° and 17 mb/sr at 165° for this resonance. 
The results of Amsel [111] and Seiler [110] also differ 
considerably around the 1.765 MeV resonance even 
though the reaction angles are within a degree of one 
another (165°, 166°). 

Dietzsch et al. [112] have measured the higher 2.28 
and 3.13 resonances as 23 mb/sr and 39 mb/sr at 168 
and 3.95 MeV resonance at 35 mb/sr at 145° with a 
width of 35 keV. The (d, a,) peak for this reaction lies 
between the (d, p,) and (d, p,) peaks. 

The main disadvantage of the '°O(d, a) reaction, as 


with most deuteron reactions, is the neutron produc- 
tion from such reactions as '*C(d, n)'°N (Q = —0.281 
MeV) with small Q and the D(d, n)T from implanted 
deuterons in the target. There are also interferences 
from (d, p) reactions such as '*C(d, p,)'°C (Q = 2.722 
MeV) and '°O(d, p,)'’O (Q = 1.9191 MeV) which, as 
tables 4 and 8 and fig. 10 show, produce proton ener- 


gies close to the a energy. However, low bias detector 
voltages, thin depletion layers of surface barrier detec- 
tors can be used to suppress the interfering proton 
signals with some loss in detector resolution [15,37,153]. 
Fig. 17, taken from Simpson et al. [37] shows how, if 
the geometry and deuteron energy are optimised then 
the depletion thickness can be adjusted to minimise 
'O(d, py) interferences. For E, = 1.08 MeV with inci- 
dence beam 30° to the normal and exit angl of 45°, 
reaction angle of 135° and a 24 um depletion detector 
rather than 316 ym gives depth resolution of better 
than 40 nm in Ta,O, and SiO, targets and very little 
contribution from the (d, p,) group. Haas and Khubeis 
[39] arrive at similar conclusions and eliminate (d, p) 
interferences by using thin surface barrier detectors. 
For example, for 22 4m depletion detectors 5.2 MeV 
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Fig. 17. Typical spectra for '°O+d reaction at the three 
geometries shown and with surface barrier depletion thickness 
of 316 um and 24 um. Taken from ref. [37] 


a’s are stopped but protons and deuterons can deposit 
only a maximum of 1.3 and 1.8 MeV, respectively. They 
also improved the depth resolution of this reaction to 
13 nm and the sensitivity to 0.01 at.% by using im 
proved pile up rejection with 30 ns pulse pair resolu- 
tion. 


4.4. ’OCVHe, p)"F 


The latest definitive work on this reaction has been 
performed by Lennard et al. [65] at the University of 
Western Ontario. They suggest *He reactions are the 
most plausible alternative for users not wanting to use 
deuteron beams for oxygen analysis as they have high 
Q. *He has a low binding energy 7.7 MeV compared 
with “He 28.3 MeV hence many of the simpler nuclear 


Table 9 
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reactions which it undergoes are exoergic. However, 
unlike deuterons binding energy of only 2.2 MeV, *He 
is not a prolific neutron producer. 

Early work on the *He + '°O reaction by Bromley et 
al. [108] was performed before the advent of silicon 
surface barrier detectors and its accuracy is limited by 
the poor resolution of gas counter spectrometers. To 
detect both the p, and a, groups from oxygen and 
carbon with a modern silicon surface barrier detector a 
partial depletion depth of at least 300 ym is required. 

Up to eleven proton groups have been observed by 
Kuehner et al. [64] for this reaction. The first six, their 
Q values and cross sections for four angles are shown 
in table 9 and taken from ref. [65] for the 2.4 MeV 
resonance 

The majority of these proton groups are observed as 
shown in fig. 18. although typically the p,_, groups are 
not resolved. Table 4a demonstrates that the (*He, p) 
are ideal for the use of Mylar foils in front of the 
detection system and the thickness of this foil can be 
adjusted to move the a, peak around so as not to 
interfere with the p, peak from '°O. The spectra of fig. 
18 were taken at the 2.4 MeV resonance on thin (25 
nm) and thick (230 nm) Ta,O, target using 14.5 pm 
Mylar filter and a 100 um partially depleted surface 
barrier detector. Again the p,_, groups from *He + '*C 
reaction are clearly visible 

Good cross section data over the range 0 to 4 MeV 
is virtually non existent. We have plotted available data 
in figs. 19a and 19b for reaction angles 90 and 150 
This clusters around 2 to 3 MeV region and there is 
some disagreement between the recent data of Lennard 
et al. [65] and the earlier work of Kaim and Palmer [24] 
and Bromley et al. [125]. At the 2.4 MeV resonance 
Kaim and Palmer [24] give p,_, as 0.45 mb/sr and 
Lennard et al. [65] give 1.40 mb/sr at 150°. For the py, 
group at 2.4 MeV ref. [24] gives 1.13 mb/sr and ref. 
[65] gives 1.73 mb/sr. The work of Lennard et al. [65] 
is more recent and his measurements on 'O(d, p,)'’O 
at 150° and 973 keV agree well with the Davies et al 
[120], namely 13.6 + 0.4 mb/sr and 13.3 + 0.4 mb/sr so 


} » 
Proton groups, Q values and cross sections for *He + '°O reaction at 2.392 MeV and at 4 angles in lab frame. The cross sections 


are taken from the recent work of Lennard et al. [65] 


Group 


113.8" 





2.0321 1.41 

1.096 0.632 
0.992 0.244 
0.953 0.0775 
0.914 0.0152 
0.332 0.174 
0.067 0.0944 


0.0121 
0.0095 
0.125 
0.147 





Cross section [mb /sr] at 2.392 MeV 





0.0394 
0.265 
0.0157 
0.157 
0.0888 


0.0135 
0.189 
0.0794 
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Fig. 18. Spectra of *He +'°O at 2.4 MeV for thin (25 nm) and thick (230 nm) Ta,O, target using 14.5 4m Mylar foil and 100 wm 
partially depleted detector. (+) groups are from carbon. 


more weight must be put on the work of Lennard et al. 
in these plots. Even so cross sections are only of the 
order of a few mb/sr. Below 2 MeV cross sections are 
less than 200 yb and hence not much use in '°O 
analysis. The sum of all a, and pp, groups is only 
7.86 + 0.4 mb/sr at 90° and 3.68 + 0.15 mb/sr at 150° 


>n 


ENERGY (MeV) 


The angular distributions of a, and p, to p, groups 
for *He + '°O reactions are given in fig. 20 for centre 
of mass angles between 80° and 160° and the relative 
intensities of the p, to p, groups for the four reaction 
angles used by Lennard et al. [65] are given in fig. 21. 
Note the a,» contributions are much reduced for back- 
ward reaction angles. 
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Fig. 19. Cross section data for '°O(*He, p)'*F at (a) 90° and (b) 150-160". 
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Fig. 20. Angular distributions of ag and py to p, groups of 


3He+'°O reaction at the 2.4 MeV resonance. Taken from 
ref. [65]. 


The '"C(*He, py_,)'*N reaction can interfere with 
the '°O p, to p, group. The carbon *He cross sections 
rise almost linearly from about 0 to 3.5 mb/sr from 2 
to 3 MeV *He energies and hence has a relatively high 
yield compared with '°O +*He. Since carbon is nearly 
always present in vacuum systems with pressures above 
0.1 mPa this reaction may be used to monitor the C 
buildup on the target. Fig. 22 shows the spectrum of 
2.4 MeV *He on a mixture of thick Al,O, and carbon. 
The reaction angle of 169° means the a, contributions 
from '°O and '*C are much reduced. The foil thickness 
was 15 um of Mylar. The 'C(*He, p,) and 
'©Q(*He, py) peaks overlap considerably but the '°O 
Pp, to p, groups are well separate even for this high 
degree of carbon contamination. This shows the impor- 
tance of proper selection of reaction angle and experi- 
mental conditions to optimise for '°O analysis. 

When using *He reactions above 1.45 MeV on tar- 
gets containing carbon one should be aware of neutron 
production from '*C(*He, n)'*O Q = — 1.147 MeV re- 
action. Abel et al. [67] have measured this neutron 
production at He energies of 2.6 MeV ( ~ 200 nA) and 
obtain dose levels of around 4 mrem/h from bulk 
carbon at 45 cm and several mrem/h near surrounding 
apertures and collimators. Also above 3.5 MeV the 
'©O(He, n)'*Ne reaction with Q = —3.196 MeV will 
contribute to neutron production. '*Ne decays by B* 
to '*F with half-life of 1.67 s and produces 511 keV 
annihilation y-rays. 

The 'O(He, py)'*F reaction has special appeal 
compared to the (d, py) reaction because it avoids 
contaminating the accelerator ion source and beamline 
components with deuteron gas whilst still providing a 


satisfactory high y-ray yields for '°O analysis. Raisanen 
[45] also points out that the effective threshold for the 
(p, p’y) reaction on '°O is 6.8 MeV so it too is limited 
to the higher energy accelerators. Heggie et al. [26] 
have measured the 'O(*He, py)'*F reaction for the 
production of 937, 1040 and 1080 keV y-rays deexciting 
the first three states of '*F. Their cross sections are 
shown in figs. 23a and 23b. The 937 keV y-rays has the 
highest cross section but the summed cross section of 
all three -y-rays rises from 10 mb at 2.6 MeV to 90 mb 
at 4 MeV and has been applied by them to study 
oxygen in chrome black solar collectors. 

The OCHe, p)'*F reaction is one method of pro- 
ducing accelerator based '*F, one of the most impor- 
tant radionuclides in nuclear medicine today. '*F has a 
half-life of 109.7 min and is a positron emitter used 
extensively in PET facilities. Cross sections for this 
reaction peak sharply around a *He energy of 7.8 
MeV, dropping rapidly below 5 MeV [60]. 
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Fig. 21. Relative intensities of the p, to p, proton groups 
from '°OCHe, p)'*F at (a) 93.4°, (b) 113.8°, (c) 133.9° and 9d) 
53.7° lab angle. Taken from ref. [65]. 





Il. REVIEW PAPERS 





D.D. Cohen, E.K. Rose 





Al,0,+ 20% C 


24 MeV He 


| 
| 





ay, 


0 100 


() 
AS] 





CHANNEL NUMBER 
Fig. 22. Typical spectrum for 2.4 MeV *He ions on a mixture 
of thick Al,O, and 20 wt.% carbon at 169° with 2.1 mg cm 
of Mylar foil. The detector was 100 ym depleted surface 
barrier. 


As a method of oxygen detection this charged parti- 
cle activation (CPA) technique is quite sensitive if the 
two annihilation y-rays are detected in coincidence. 
Other competing reactions producing 511 keV y-rays 
are '*F(*He, a)'®F (Q = 10.1 MeV), 'B(*He, d)''C 
(Q = 3.2 MeV, T, ,. = 20.3 min) '*C(*He, a)''C (Q = 
1.9 MeV). Total activation cross sections for all of 
these reactions have been given by Gass and Muller 
[118]. A comprehensive table of *He reactions, their 
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Fig. 24. Decay curves for CPA of silicon containing carbon 
and oxygen (a) *’P, (b) ''C and (c) '*F add up to produce 
curve I. Taken from Bethge [38] 


half-lives and Q values is given by Markowitz and 
Mahoney [126]. 

CPA analysis using “He beams at high energy and 
looking for the annihilation peaks requires plotting of 
the decay curves with time after irradiation to look for 
slopes characteristic of '*F decay [33]. Fig. 24 shows 
such a plot for CPA on silicon containing carbon and 
oxygen. The contributions from Si (a), C (b) and O (c) 
add up to the decay curve I. Ref. [33] has used this 
technique for oxygen analysis in Fe and Cr at 15.2 
MeV and quoted sensitivities of around 100 ppb of 
oxygen after chemical separation of the '*F. A full 
discussion of CPA analysis techniques is beyond this 
review. 
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Fig. 23. Cross sections for '°O(*He, py)'*F reaction for the production of (a) 937 keV and 1040 keV and (b) 1080 keV and total 
y-rays, taken from ref. [26]. 
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Fig. 25. Cross section data for '°O(He, «)'°O reaction at (a) 90° and (b) 150° 


4.5. "OVHe, a)”O 


This reaction goes hand in hand with the 
'©O(He, p) reaction and some data for it was given in 
the (*He, p) section. The (*He, a,) reaction has a Q 
value of 4.915 MeV which for 2.4 MeV *He ions 
produces alphas of ~ 5.4 Mev at 90° and ~ 4.3 at 160°. 
The scattered *He ions are readily stopped by 12 um 
of Mylar leaving the alphas with sufficient energy to 
reach the detector. The reaction produces '°O which 
has a short half-life of 124 s. 

The cross section data for this reaction at 90 and 
150° is shown in figs. 25a and 25b. The reaction cross 
section has a strong peak near 2.4 MeV width ~ 170 
keV at 90° reaction angle, falling quickly towards zero 
at lower energies, being essentially zero below 2 MeV. 
The early work of Bromley et al. [125] found this 
resonance at 90° to be much broader than recent 
measurements of Abel et al. [67]. At larger back an- 
gles, however, this resonance falls towards zero also, a 
fact that was used to reduce the a, interference con- 
tributions in the (*He, p) reaction, discussed in the 
previous section. The angular distribution for this reac- 
tion has been given in fig. 20 for reaction angles from 
80 to 160° [65]. Other earlier angular distributions have 
been given by Bromley et al. [108]. 

At 90° reaction angle and 2.4 MeV *He energy, the 
cross section for this reaction is several times that for 
the (*He, p,,) reaction so, as fig. 26 shows, the a, 
peak dominates the spectrum. The spectrum of fig. 25 
was obtained at the 2.4 MeV resonance for a thick 
ZrO target using 2.1 mg/cm? Mylar filter. Clearly even 
in this thick target situation the sum of the py», a, and 
p, to p, '°O peaks are well separated from the carbon 
contamination peaks and could be used for quite sensi- 
tive oxygen analysis. Lennard et al. [65] have produced 
a plot of the a, plus p,_, cross sections for the 2.4 
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Fig. 26. Typical spectrum for *He + '®O reaction at 2.4 MeV 

and a reaction angle of 90°. The target was thick ZrO and a 

2.1 mg/cm? Mylar foil was used to absorb the scattered *He 
ions 
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Fig. 27. Plot of the sum cross sections for the ag plus p, to p, 
groups from the *He + '®O reaction at the 2.4 MeV resonance 
and a reaction angle of 93.4°. Taken from ref. [65]. 
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Table 10 
Peak cross section measurements for the 2.4 MeV 
'6O(He, ay) resonance 





Energy o Angle Reference 


[MeV] [mb /sr] 

2.392 5.23 93.4 
2.90 153.8° 
1.01 133.9 
0.279 153.7° 
3.4 90° 
44 90° 
3.7 90° 
1.18 150° 





Lennard [65] 


Abel [67] 
Bromley [108] 
Cohen [179] 
Kaim [24] 





MeV *He +!°O resonance at 93.4°, which is repro- 
duced in fig. 27. The peak cross section has a value of 
(7.86 + 0.4) mb/sr at reaction angle of 90°, a very 
reasonable value for sensitive oxygen analysis. 

Very little tabulated recent data exists outside the 2 
to 3 MeV *He energy range. Table 10 gives measured 
peak cross sections for this reaction at the 2.4 MeV 


160(a!l pha.al pho) 0-130 deaqrees 


CAMNS3(63)129 
MACOS OC 1 09)130 
RBS90 
ABS 130 


resonance. The values vary from the low 3.4 mb/sr of 
Abel et al. [67] to the high recent value of Lennard et 
al. [65] of 5.23 mb/sr which may be the more reliable 
value. Kaim and Palmer’s [24] value at 150° is also 
significantly larger than Lennard’s value at the corre- 
sponding angle. 


4.6. Ola, a)°O 


The (a,’a) elastic scattering technique at backward 
angles is a very popular technique for elemental profil- 
ing and near surface analysis for low energy alphas. It 
is called Rutherford backscattering (RBS) [55,170,173]. 
However, the yields for RBS are proportional to Z?, 
the atomic number of the target. So for oxygen analysis 
in the presence of heavier substrate elements yields 
and hence sensitivities are poor. The sensitivity of the 
(a, a) reaction for oxygen analysis is typically worse 
than the corresponding (d, p), (p, a) and (d, a) reac- 
tions. 

The cross sections for '°O(a, a) scattering at angles 
around 90 to 130° and 165° are shown in figs. 28a and 


EASO 66 





Fig. 28. Cross section data for '°O(a, «) scattering at (a) 90-130° and (b) around 165°. The smooth curves are the Rutherford cross 
sections at 90°, 130° and 165°, respectively. 


Table 11 


Resonance parameters associated with resonances between | and 5 MeV in '°O(a, a) cross section 





l 1953 1987 
Cameron [63] 





Ajzenberg [133-135] 


1990 
Leavitt [66] 








Width 
[keV] 





3.0382 
3.082 
3.372 
3.885 
4.653 
5.002 


0.028 


0.013 
aS 
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28b. These figures show that below 2 MeV the cross 
section is essentially Rutherford [55] showing large 
resonances especially at large back angles above 2 
MeV. Alkemade et al. [94] have confirmed that (a, a) 
resonances with cross sections larger than 6% of 
Rutherford cross sections are not present below 2 
MeV. 

Extensive lists of known resonances from 1.3 to 29.4 
MeV are listed in ref. [135] table 20.18. For our region 
of interest, 0-4 MeV these, together with the more 
recent measurement of Leavitt et al. [66] and the 
earlier work of Cameron [63] are listed in table 11. 

Leavitt et al. [66] have done a comprehensive study 
of these non-Rutherford *He +'°O cross sections nor- 
malising to *He + Ta cross sections. Other energy mea- 
surements of the main resonance near 3.04 MeV in- 
clude Wang et al. [159] giving 3.042 + 0.003 MeV, 
Berning et al. [59] giving 3.039 MeV and Sie et al. [165] 
giving 3.0359 MeV. 
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Fig. 29. (a) Shows the effects of the 3.04 MeV resonance on 

(a,a) scattering in Ta,O, target at energies below (2.03 

MeV) and above (3.097 MeV) this resonance. (b) Typical 

spectrum showing the effects of 3.04 MeV resonance for three 
different ion energies. Taken from ref. [53]. 


The Rutherford cross section at the 3.04 MeV reso- 
nance is 32.0 mb/sr at 170.5° and ref. [66] gives the 
peak cross section of 22.66 times Rutherford for a 6 
keV thick target, that is 725 mb/sr, way off the top of 
our plot fig. 28b. 

Blanpain et al. [53] give a good example of the use 
of (a, a) resonance scattering to enhance the oxygen 
signal in a Ta,O, sample and an SiO, sample. These 
are shown in figs. 29a and 29b. The standard RBS 
yields failing steadily as (Z/E)’ are shown in fig. 29a 
for a *He energy of 2.03 MeV. The surface oxygen 
signal in this spectrum for Ta,O,; 305 nm thick is 
completely swamped, only being present in the step 
down in the Ta edge. While at 3.097 MeV an oxygen 
peak is clearly visible as well as the step down in the 
Ta edge. Fig. 29b shows 3.093 MeV *He in SiO, layer 
(290 nm) here Si and O are closer in atomic number 
and the oxygen resonance peak is well above the Si 
signal that it sits on. 

Another example is shown in figs. 30a and 30b, 
taken from the work of Li et al. [69]. It clearly demon- 
strates the effects on RBS spectra when the helium ion 
energy is above and below the large 3.04 MeV reso- 
nance. These spectra are both for 300 nm CuO films 
on Si substrate. In fig. 30b the incident energy has 
been varied from 3.068 to 3.155 MeV to demonstrate 
the broadening of this peak due to energy straggling at 
depth. 

Leavitt et al. [62] also demonstrate with their analy- 
sis of several YBaCuO films, the further kinematic 
advantage of using ion energies above 2 MeV where 
cross sections cease to be Rutherford. Figs. 3la and 
31b show their work for 1.892 and 3.776 MeV ‘He ions 
on 250 nm YBaCuO films containing Ba and W impu- 
rities. Clearly at the higher alpha energies the Cu, Y, 
Ba and W signals are better resolved. The price you 
pay for this is poorer depth resolution and a lower 
yield. 

Hofsass et al. [68] have developed the elastic recoil 
coincidence (ERC) method with high sensitivity to pro- 
file light elements up to oxygen in thin polymer foils or 
thin samples containing heavier elements. In this tech- 
nique the forward scattered *He ion and the elastically 
recoiled heavy atom are detected in coincidence. Tar- 
get thicknesses less than 2 ym are required to detect 
light elements like B, C, N and O using this technique. 
For 2 MeV He ions depth resolutions of up to 50 nm 
were obtained for oxygen analysis up to depths of 1 um 
polycarbonate films. 

Mezey et al. [119] have compared Auger/ RBS / 
SIMS and resonance scattering techniques for oxygen 
analysis in silicon. The results are given in table 12. 
They conclude normal RBS is severely restricted in its 
ability to detect even buried oxide layers. SIMS is by 
far the most sensitive but needs high vacuums. The 
resonance scattering and SIMS are both isotopically 
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Fig. 30. Typical spectra for 300nm CuO layer in a Si substrate 
for '°O(a, a) reaction at (a) below the resonance and (b) 
above the resonance for three different ion energies. Taken 
from ref. [69]. 


sensitive and RBS and scattering can both be used in 
channelling mode to obtain crystallographic informa- 
tion. Correction procedures for Auger and SIMS tech- 
niques for oxygen are complicated and require stan- 
dards. 


4.7. °O(p, p)"*O 


Unlike the '°O(p, p) reaction, which has few reso- 
nances below 3 MeV, the '*O(p, p) reaction has both a 
large number of resonance above 1.5 MeV and is non 
Rutherford in magnitude. The common resonances 
with their widths are given in table 19.18 of ref. [132]. 
Many of these correspond to proton resonances in the 
'SO(p, a)'°N reaction which has the same compound 
nucleus '°F. The stronger resonances in our region of 
interest (0 to 4 MeV) are listed in table 13. 

The cross section data for '*O(p, p) scattering at 90° 
and 140-—160° are shown in figs. 32a and 32b. Above 
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Fig. 31. Typical spectra for a +'°O reaction on YBaCuO 
films (a) at 1.892 MeV and (b) at 3.776 MeV. Taken from ref. 
[62] 


Table 12 
A comparison of RBS, Auger, SIMS and (a, a) scattering for 
oxygen analysis 





Technique 
2 MeV He RBS > 10 at.% 
3.04 MeV (a, a) 0.5-1 at.% 
Auger < 0.1 at.% 
SIMS (10777) 0.001 at.% 
SIMS (107 '°r) 0.0002 at.% 


Sensitivity 








the 846 keV resonance the (p, p) cross sections gener- 
ally lie above Rutherford by significant amounts de- 
pending on the reaction angle. 

Carlson et al. [145] give the angular dependence of 
major resonances between 840 keV and 2 MeV. These 
generally peak at two to three times Rutherford at 
backward angles. Except for the 1.766 MeV resonance 


Table 13 
Major resonances in the '*O(p, p)'*O reaction between 0.5 
and 4 MeV and their widths taken from ref. [135] 





E, Pia E, Vian 
[MeV] [keV] [MeV] [keV] 
0.6326 2.1 2.2289 33 
0.846 47 2.387 24 
1.2390 6.1 2.644 4.6 
1.4025 5.2 3.029 

1.766 3.6 3.165 

2.001 31 3.479 
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which is close to Rutherford at 90° and about seven 
times Rutherford at large backward angles. Below the 
846 keV resonance cross sections are near or below 
Rutherford. On the low energy side of the 846 keV 
resonance, fig. 32a shows that at 90° the cross section is 
at 50% Rutherford rising slowly back to Rutherford at 
about 750 keV. Yagi [171] measured the (p, p) cross 
section at the high side peak of the 846 keV resonance 
(857 keV) as 360 + 26 mb/sr for centre of mass reac- 
tion angle of 140.8°. Carlson [145] gives this high side 
peak cross section as 285 + 15 mb/sr for w,,,, = 159.S° 
and 565 +30 mb/sr for w,,,., = 86.8°. This compares 
with the Rutherford cross section at 857 keV of 143, 
120 and 506 mb/sr for reaction angles of 140.8, 159.5 
and 86.8°, respectively. 

The 846 keV resonance is an s(/=0) wave reso- 
nance in the elastic scattering cross section as charac- 
terised by a dip then rise at backward angles and a dip 
then small rise at 90°. Similarly, the 1.766 MeV reso- 
nance is due to an even / value (/ = 2) but the rise then 
dip at backward angles with a dip then small rise at 90° 
for increasing energy suggests a d wave excitation. 

Other resonance parameters for E,, between 3.4 
and 6.2 MeV for over 20 resonances have been mea- 
sured by Almanza et al. [80] and Orichara et al. [148]. 

For sufficiently thin targets (< 250 keV) the energy 
region 1.0 to 1.5 MeV is a reasonably smooth region 
with cross sections roughly two times Rutherford for 
reaction angles greater than 90°. This may be useful for 
probing '*O depth profiles to um depths. Just above 
this region at 1.766 MeV there is a sharp resonance 
with a total width of only 3.6 keV which is good for 
depth profiling at backward angles (160°) to large 
depths also. Carlson et al. [145] give the peak cross 
section (lab frame) for this resonance as (205 + 11) 
mb /sr at w,,,, = 159.5°. 
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Early work by Carlson et al. [145] and later by Din 
[102] show there is a 1.982 MeV y-ray from the inelas- 
tic proton scattering reaction ‘O(p, py). Din [102] 
gives the y-ray yield as a function of energy over the 
range 3 to 6.5 MeV. The yields from this y-ray are 
sufficient to use it also for oxygen analysis. 

There appears to be no advantages in using '*O(p, p) 
scattering over ‘“O(p, p). The increased cross section 
and hence yield from the 846 keV or the 1.766 MeV 
resonances in '*O over the '°O cross sections at these 
energies is not compensated for by the factor of 50 
reduction in the natural abundances of the two iso- 
topes. So unless the samples are significantly '*O en- 
riched no advantage is obtained. The depth resolutions 
and sensitivities are also very similar for similar experi- 
mental conditions. 


4.8. "O(p, a)”N 


The most favoured reaction for '*O analysis is the 
'SO(p, a)'°N reaction since it requires relatively low 
bombarding energies (usually around 1 MeV) for rela- 
tively high count rates enabling isotopic abundance on 
or near the surface to be determined very rapidly. For 
incident proton energies between 0.5 and 1.0 MeV this 
reaction produces one group of alpha particles and 
there are few interfering proton induced reactions, 
hence backgrounds are low and sensitivities high. Fig. 
33 shows typical (p, a) spectra versus alpha energy for 
four different levels of '*O-enriched tantalum oxide. 
Table 4c gives Q = 3.9804 MeV and for 846 keV pro- 
tons, the outgoing alpha has an energy of 3.761 MeV at 
90°. The scattering 846 keV protons are stopped by 
about 14 um of Mylar. The alpha energies of fig. 33 lie 
between 0.6 and 1.1 MeV after traversing 16 pm of 
Mylar foil between the target and the detector. That it 
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Fig. 32. Cross section data for '*O(p, p) scattering at (a) 90° and (b) 140-160°. The smooth curves RBS90 and RBS140 are the 
Rutherford values for 90 and 140°, respectively 
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Fig. 33. Typical '8O(p, a)'°N spectra for 859 keV protons on 

a 197 nm thick Ta¥O, target at a reaction angle of 80°. The 

data is shown for four levels of '*O enrichment and taken 
from ref. [98]. 


they lose about 70% of their energy traversing the foil. 
The peaks clearly sit on essentially a zero background 
for several hundred keV either side. This large energy 
loss of the alpha particles in traversing the foil gener- 
ally limits the depth resolution to about 20 nm or more 
for the 846 keV resonance. 

In figs. 34a to 34d we show the cross sections data 
for the '*O(p, a)'°N reaction at 30, 80-90, 135-145 
and 155-170° reaction angles. The key feature of this 
data for small reaction angles is the 846 keV resonance 
rising to over 100 mb/sr at forward angles (< 30°). At 
backward angles other key resonances increase in size, 
noticeably the 633 and 1.766 keV resonances both 
being larger than the 846 keV for angles greater than 
160°. 

Carlson et al. [145] measured (p, a) cross sections 
from 0.8 to 3.5 MeV as early as 1961 for reaction 
angles of 87 and 160° and identified 35 resonances. 
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Fig. 34. Cross section data for '*O(p, «)!°N reaction at (a) 30°, (b) 80-90°, (c) 135-145° and (d) 155-170". 
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Table 14 


Resonances, widths and centre of mass cross sections for major resonances in the '*O(p, a)'°N reaction. Adapted from refs. 


[135,187] 





E, Dna (170°) 
[MeV] [keV] [mb /sr] 


| (170°) 
[keV] 





0.152 0.050 
0.6326 

0.846 

0.987 

1.135 

1.1685 

1.2390 

1.4025 

1.620 

1.668 


4.5 
0.16 
31 
24 
4.6 
23 





This was ten more than the earlier work of Hill and 
Blair [144] and Clarke et al. [146] at 90°. Amsel [2,187] 
also measured resonances and cross sections for this 
reaction and these are displayed graphically in the lon 
Beam Handbook and used extensively today [173]. In 
1979 Lorentz et al. [116] studied the (p, a) reaction at 
stellar energies from 72 to 935 keV and reaction angles 
of 90 and 135° and observed resonances for proton 
energies as low as 95 and 152 keV. Recently Battistig 
et al. [188] and the group from France have revisited 
this narrow (50 eV) 152 keV resonance in the (p, a) 
reaction and shown that it looks very promising for 
high depth resolution profiling of '*O. 

Table 14, adapted from ref. [135] table 19.17 and 
table 7 of ref. [187], lists proton resonances, their 
widths and centre of mass cross sections for major 
resonances in the '*O(p, a)'°N reaction. 

In the proton range 0 to 4 MeV the 1.766 MeV 
narrow resonance has by far the largest cross section. 
Recent measurements of this resonance by Alkomade 
et al. [94] give 135 + 5 mb/sr and a width of 4.5 keV at 
155°. They also measured the cross section of a 20 keV 
wide plateau between 1.740 and 1.760 MeV as 45 + 1.5 
mb/sr and then fitted a split Breit Wigner, as sug- 
gested by Cohen et al. [90] to obtain the peak reso- 
nance and width. The early work of Carlson [145] 
found 83 + 7 mb/sr, Amsel [111] 95 mb/sr at 155° for 
the peak and 41 + 4 mb/sr and 36 mb/sr, respectively, 
for the low energy plateau. The most recent work by 
Christensen et al. [105] found the peak cross section 
was 98 + 3 mb/sr at 144°. 

The relative high energy of the protons and narrow 
width of the 1.766 keV resonance together with the low 
cross sections either side of this resonance made it well 
suited for oxygen profiling to depths of several mi- 
crometres. The big disadvantage is that no foils can be 
used to stop the scattered protons (see table 4c) as 
their energy is too high and the foil would not allow 


the alpha through either, especially at backward angles 
where this resonance is largest. 

Foils can be used for the lower 633 and 846 keV 
resonances and these have also been commonly used 
for '*O analysis [79,82-85,87,95,96,98, 105,116,142]. 

In 1990 Christensen et al. [105] analysed both these 
resonances in detail. They concluded that the nominal 
846 keV resonance energy as given by ref. [135] should 
be 833 keV. Recent energy measurements by us con- 
firm this shift to lower energies and we obtained 837.1 
+ 1.4 keV and 630.6+ 1.8 keV for the lower reso- 
nances and 982.6 + 1.8 keV for the nominal 987 keV 
resonance. These are all lower than the nominal values 
of ref. [135] table 19.17 given in our table 14. 

The peak cross section for the 846 keV resonance at 
various angles has been measured by several authors. 
The results are shown in table 15. 

The recent work of Christensen et al. [105] confirms 
the cosine dependence of this reaction and agrees well 
with the early theoretical calculations of Yagi [106] at 
90°. The cross section peaks around 100 mb/sr at small 
reaction angles and falls to just above 40 mb/sr near 
180°. Christensen points out that the value of Cohen 


Table 15 
Peak cross section measurements for the '*O(p,a)'"°N 846 
keV resonance 





Author Year Ref. Cross section [mb /sr] 


140-160° 


Hill and Blair 1956 ‘ _ 
Carlson 1961 
Yagi 1962 
Amsel 1967 
Lorenz 1979 
Kaim 1979 
Cohen 1990 
Christensen 1990 
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Table 16 
Cross section values for the '*O(p, a) reaction at 750 keV 





Author Year Ref Cross section Angle 


[mb /sr] 
Amsel 1967 [2] 15.5 165 
Lorenz 1979 [116] 26.0 90 
Kaim 1979 [24] 14 150 
Cohen 1990 [98] 20 80) 
15 140 
Christensen 1990 19.5 144 
165 





[98] is systematically low and so we have normalised 
this data only over the energy range 0.55 to 1.0 MeV in 
the plots of figs. 34b and 34c to the value of Yagi of 74 
mb /sr at 90°. 

The narrow 633 keV resonance has opposite angu- 
lar dependence to the 846 keV resonance peaking at 
backward angles and almost disappears altogether at 
angles below 90°. Christensen [105] gives 53 mb/sr at 
144°, Amsel [2] 58 mb /sr at 165°, Cohen [98] 45 mb /sr 
at 140°, Lorenz [116] 46 mb/sr at 135° and Kaim [24] 
26 mb/sr at 150°. At around 750 keV the (p, a) cross 
section is almost independent of angle and table 16 
gives values for this region. There is quite a spread in 
results for a relatively flat portion of this cross section 
spectrum. 

Amsel and Samuel [2] quote o(mb/sr) = 3.38 x 
10~* exp[ E/58 keV] for 400 keV < E < 600 keV which 
gives 0.334, 1.87 and 10.5 mb/sr at 165° at 400, 500 and 
600 keV, respectively, over the 200 keV range relatively 
free of resonances and independent of angle in this 
region. 

As already stated there are only a few (p, a) reac- 
tions that may interfere with the '*O(p, a) reaction. 
These together with their Q values are listed in table 
17 and have been discussed by Lappalainen et al. [192]. 
In general the differing Q values to the 'O(p, a) 
reaction (Q = 3.9804 MeV) means these alpha groups 
will have significantly different energies to the '*O 
group and have with sufficient resolution can be easily 
distinguished. 


Table 17 
(p, a) reactions that may interfere with the '*O(p, a) reaction, 
their Q values and abundances 


Reaction Q Abundances 
[MeV] [%)] 

N(p, a)?C 4.966 0.37 

"Bip, a)*® Be 8.590 80.22 

“F(p, a)'°O 8.115 100 

*Be(p, a)° Li 2.125 80.22 

’Li(p, a)*He 17.347 92.58 








Analysis of oxygen by charged particle bombardment 


Table 3a shows that the '*C and 'N (p, a) reac- 
tions have large negative Q values and for proton 
energies below 2.4 MeV are of no consequence. 

Din [102] shows that there are two y-rays associated 
with the '*O(p, ay) reaction. These have energies of 
5.276 and 5.304 MeV and for proton energies between 
3 and 7 MeV give sufficient yields to also be used to 
analyse for '*O. However, for energies above 2.5 MeV 
the '*O(p, n) channel is available and neutrons will be 
produced as well. 

Clearly, there are many other charged particle reac- 
tions, for the analysis of oxygen, which we have not 
discussed in detail here. For example, Wood et al. [81] 
use the 'O(p, n)'*F (Q = —2.4379 MeV) reaction. 
Where they look at the '*F positron annihilation y-rays 
to analyse very small (20 yl) liquid samples of '"*O 
enriched water, using 8.5 MeV protons. Hill and Blair 
[144] show that there are also several large lower 
energy '*O(p, n) resonances at 2.65, 3.04 and 3.26 MeV 
with widths of 10, 33 and 29 keV, respectively, whose 
peak cross sections lie between 10 and 25 mb/sr for 
neutron production. These less frequently used reac- 
tions have been referenced in table 2 for information. 
In this review we have restricted ourselves mainly to 
the common charged particle reactions in the energy 
range 0 to 4 MeV which produce particles readily 
detected by modern surface barrier detectors. 


5. Conclusion 


In this review we summarised the work in about 200 
references on charged particle analysis of oxygen. Oxy- 
gen is obviously a most important element in the 
periodic table and techniques that can detect its pres- 
ence from a few atomic percent upwards are most 
useful. The nuclear reaction techniques described in 
this review are not exhaustive, but are representative, 
of methods that have unique capabilities. They are, 
fast, nondestructive, good sensitivity, can analyse very 
small samples and have the ability to depth profile 
oxygen in the near surface regions of solid samples 
with resolutions down to 10 nm or so under favourable 
conditions. 

Typically the best results are obtained when an 
isolated resonance, with a high peak cross section is 
chosen, such as the 973 keV resonance in the '°O(d, p,) 
reaction is used. The chosen reaction should be free of 
other large resonances below the input ion energy for 
thick targets or the targets should be sufficiently thin 
so that lower energy resonances do not interfer. In the 
past the (d, p) reactions have been favoured, however, 
with many more modern accelerators being placed in 
laboratories without neutron shielding, the *He reac- 
tions together with resonant elastic scattering reactions 
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have become popular, since these are not prolific neu- 
tron-producing reactions. 


The recent upsurge in nuclear reaction analysis of 
oxygen has meant that many of the old cross section 
measurements carried out in the 1950’s and 1960's are 
being repeated more precisely. In many of these cases 
measurements are now being made using modern sur 
face barrier particle deiectors for the first time. If 
precise and accurate measurements to a few percent 


are to be achieved it is necessary to have confidence in 
these reaction cross section measurements and ex- 
change of standard targets and round robin type mea- 
surements between international laboratories should 
be encouraged. Oxide standards are easily prepared by 
anodising tantalum, aluminium, silicon or even zirco- 
nium. Tantalum is the most common, and standards 
from a few nanometres to hundreds of nanometres 
thick, which are durable and stable over many years, 
have been used to calibrate experimental systems and 
measure cross sections. 

The advent of modern high speed personal comput 
ers means that simulation codes like RUMP [197], or 
our GENUREAC [152], are becoming quite common 
These codes require not only resonant peak cross sec- 
tions but also resonant shapes near the peak and more 
reliable measurements of this type should be encour- 
aged. 
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lon beam analysis of fluorine: Its principles and applications 


G.E. Coote 


Nuclear Science Group, DSIR Physical Sciences, P.O. Box 31 312, Lower Hutt, New Zealand 


I review the nuclear reactions which are suitable for ion beam analysis of fluorine in materials and for profiling fluorine in the 


outer few um. The '’F(p, ay)’°O and *’F(p, p’)'’F reactions have proved the most suitable. The remarkable crystal structure of 


calcium hydroxyapatite, which encourages the uptake of fluoride ions during the formation or subsequent changes to a bone or 


tooth, results in important applications of the scanning proton microprobe. | describe applications of these techniques in research 


on teeth and bones, materials science, geochemistry and archaeometry 


1. Introduction 


Fluorine is the most reactive chemical element, and 
cannot be freed from its compounds by chemical means 
It is not a rare element, as it makes up an estimated 
0.065% of the earth’s crust. '"F is the only stable 
isotope, and '*F the longest-lived radioisotope (109.9 
min). Applications of ion beam analysis are therefore 
restricted, since no other stable isotope with different 
nuclear properties can be separated and used as a 
tracer 

I review briefly the history of this subject, giving 
credit to the pioneers of new advances. I summarize 
the studies of nuclear reactions with F as the target, 
referring to those papers which provide fundamental 
data for ion beam analysis and depth profiling 

I review applications of fluorine analysis in the 
inorganic world, of geochemistry, meteoritic material 
and man-made materials such as alloys. Much of this 
work was concerned with measurements of fluorine 
contamination of surfaces. The review of biological 
studies begins with a short introduction to that essen 
tial and remarkable mineral calcium hydroxyapatite, 
which in some circumstances may be converted par 
tially or completely into fluorapatite. I explain why 
fluorine in calcified tissues is almost always associated 
with this mineral, modifying its chemical properties 
significantly, and why we can study changes in calcified 
tissues by determining the fluorine distribution. I dis 
cuss the small amount of research on bone develop 
ment. The study of human and animal teeth has been 
much more extensive; | mention the questions we are 
trying to answer and important advances which have 
occurred. 

In recent years interesting results have sprung from 
the study of fluorine distributions in teeth and bones 
which had been buried for long periods. The processes 
which occur in the animal body occur also in these 


quite different conditions, and on different time scales 
They can provide new information for the anthropolo- 
gist and the archacologist. There is a a brief mention 
of fish scales, which also contain hydroxyapatite, so it is 
not surprising that fluorine is there also. The fluorine 
occurs in remarkable patterns which differ from one 
species to another, and might provide better under 
standing of the growth patterns and life histories of 
fish 


2. A brief history 


The gamma-rays from proton bombardment of fluo 
rine were discovered in the 1950s. The high energy 
radiations from the '’F(p, ay)'°O reaction interfere 
with gamma-ray spectroscopy, since they are produced 
prolifically from minute amounts of fluorine in collima- 
tors, targets or backings. It is pleasing that for the 
same reasons they have proved valuable in other 
branches of science. As we gain further experience and 
devise improved instruments we can expect many more 
fruitful applications 

Honour for the first application of ion beam analy- 
sis of fluorine goes to Sippel and Glover [1] in 1960 
They needed new techniques for determining light 
elements in silicate rocks and the measurement of 6 
MeV gamma-rays from proton bombardment was their 
chosen method for fluorine. They calculated stopping 
power corrections but showed that errors which arose 
from variations in stopping power of the matrix were 
less than 2% 

They were ahead of their time and there was no 
further work reported until 1967. Mdller and Starfelt 
[2] applied the same technique to studying fluorine 
contamination of Zircaloy cladding for reactor fuel 
They used a resonance in the reaction to measure a 
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depth profile, possibly the first team to do so. In the 
same year Pierce et al. [3] published a list of reso- 
nances below 0.5 MeV in the elements from lithium to 
chlorine, and the resulting gamma-rays which could be 
detected in Nal or the relatively new Ge(Li) detectors 

In 1969 Bewers and Flack published a comprehen 
sive paper on the theory and practice of fluorine deter- 
mination by proton bombardment [4,5]. They pre 
sented an analysis of those factors important for quan- 
titative determination, including the important part 
played by the stopping cross section. By passing the 
beam through a transmission foil they could analyze 
powders, liquids and gases 

Tooth enamel was an obvious target and the first 
application of depth profiling to tooth enamel was 
published in 1973. Mandler et al. [6], observing 6.13 
MeV gamma-rays with a Ge(Li) detector, measured 
the fluorine concentration to a depth of 2.1 um in 
teeth treated with several fluorine compounds. Studies 
of the inner enamel and dentine of sectioned teeth, 
measured with a 1 mm?’ beam, were published by 
Chaudhri and Crawford in 1981 [7], and depth profiling 
was extended to cementum in 1983 [8]. By 1984 the 
power of proton microprobes was being extended to 
sound teeth [9] and to precarious lesions [10] 

The first investigation of fluorine in archaeological 
bones was published in 1981 [11], extended to archaco- 
logical teeth in 1982 [12], and the absorption of fluo- 
ride ions from groundwater into teeth was clarified in 
1988 [13]. Proton microprobes, even rather simple ones, 
were able to provide unexpected information 

In recent years studies of teeth have become more 
sophisticated, with joint projects on tooth development 
in animals [14—16], and the interaction of fluorine in 
different chemical forms with lesions in teeth [17]. The 
potential of bone studies was demonstrated in an ex- 
periment on rats, which revealed the changes in fluo 
rine distribution with age in rat femurs and vertebrae, 
with possible relevance to the monitoring and treat 
ment of osteoporosis [18] 

Investigations of fluorine have recently been ex- 
tended to further materials: fish scales [19] and archae 
ological flints [20]. 


3. Experimental methods 


lon beam analysis of fluorine is simplified, although 
applications are circumscribed, by the fact that 'F is 
the only stable isotope. Ion beam analysis can be 
performed with a number of reactions, although the 
simplicity and sensitivity of two reactions have led to 
their dominance. 


“F(p,a)'O QO=8.115 MeV 


lon beam analysis of fluorine 


Golicheff et al. [21] measured o(p, a», 150°) for E,, 
from 500 to 1800 keV, with a further detailed study 
between 1000 and 1400 keV, which includes the broad 
resonance at 1355 keV. For protons between 1350 and 
1500 keV the detection limit was 5 ngcm 

Dicumegard et al. [22] studied this reaction in detail 
over the extended energy range 300 to 2000 keV. They 
measured o( FE, 150°) and o( £, 90°) for the a, group 
in great detail, especially in the vicinity of resonances, 
where automatic energy scanning was used. They list 
seven resonances, from to 1901 keV, with the most 
prominent at 1347 and 1713 keV. The resonance widths 
were 7 keV for the narrowest resonance (777 keV) and 
72 keV for the strongest (1713 keV). The 150° yield 
curve is reproduced in the compilation of Mayer and 
Rimini [23]. The high Q value, 8.115 MeV, ensures 
that the alpha peaks are well separated from those 


7779 


from other elements and their detection is practically 
background-free, even for thick targets. 

Giles and Peisach [24] introduced an electromagnet 
between the target and a position-sensitive particle 
detector, then bombarded a CaF, target with 3 MeV 
protons. After measuring the positions of the peaks 
they adjusted the magnetic field to move the proton 
peak right off the detector, leaving only the a, peak 
The beam current could then be increased by seven 
times, with the deadtime still at an acceptable level 


"F(p, ay)"°O O=8.115 MeV 


The gamma-rays of interest from this reaction per 
tain to the a@,, @5, a, groups, with energies 6.129, 
6.917 and 7.117 MeV, respectively. These are easily 
detected with a Nal(Tl) or BGO crystal, and there is 


channel! 

















relative 





energy in Me\ 
Fig. 1. Spectra of the 6.129, 6.917 and 7.117 MeV gamma-rays 
from the '’F(p, ay)'°O reaction, recorded in a BGO crystal 
(75 mm by 75 mm) and in an HPGe detector of 9.5% relative 
efficiency. The 110 and 197 keV gamma-rays can be seen in 
the HPGe spectrum 
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normally no need to resolve them. A window is nor 
mally set over the whole group (here denoted as 6 
MeV), with a lower limit of about 4.5 MeV. In fig. |! 
spectra collected with an HPGe and a BGO detector 
are superimposed. The two higher energy peaks show 
Doppler broadening. Several groups have measured 
excitation curves for this reaction, usually for the group 
but in a few cases for the individual peaks. Fig. 3 
illustrates a low-resolution thick-target excitation curve 
measured by the author. See section 3.1 

Osman et al. [25] measured total cross sections for 
transitions from the 6.13, 6.92, 7.12 and 8.88 MeV 


states in '° 


O for proton energies between 1.9 and 4.16 
MeV. Ge(Li) and Na(T1) detectors were each placed at 
55° to the beam axis. The excitation functions for the 
separate transitions are quite different. They derive a 
total cross section by summing the four transitions, 
which shows resonances at approximately 2.05, 2.34, 
2.6, 2.8, 3.17 and 4.03 MeV 

Golicheff et al. [26] measured the yield of 6.13 MeV 
gamma rays from a thick teflon target with E,, from 
400 to 1700 keV. They listed 16 resonances from 224 to 
1691 keV. Golicheff and Engelmann [27] continued 
this work, and measured the yield of the 6.13 MeV 
gamma-ray from a thin target between 800 and 1000 
keV. For the ten strongest resonances they list the 
relative emission of the three gamma-rays. Demortier 
et al. [28] bombarded a thick CaF, target with protons 
between 0.3 and 2.5 MeV and detected the 6-7 MeV 
gamma-rays with a Nal crystal at 90°. They plot and 
tabulate the yield for a thick target of pure F in 
Ny/st./pC, and identify 22 resonances. Stroobants et 
al. [29] extended this work by investigating the sensitiv 
ity limit for bulk analysis and possible interferences 
with other gamma-rays, particularly that at 4.43 MeV 
from 'N(p, y)'°O. 

Jarjis [30] bombarded a thin target of CaF, with 
protons between 0.8 and 2.05 MeV and detected the 
6-7 MeV gamma rays with a Nal(TI) detector at 0°. He 
plotted the relative yield curve in this region in 4 keV 
steps. 

In an extensive study, Dieumegard et al. [22] mea- 
sured the thin target excitation curve, using an electro- 
static energy scanning system. The gamma ray detector 
was 76 mm by 76 mm Nal(Tl) at 70 mm from the 
target, and the energy window was 4.7—10 MeV. Their 
plot cf the yield curve has been reproduced in a 
compilation of data for ion beam analysis [23]. They 
concluded that the width of a very narrow resonance 
was best determined by fitting the thick target yield 
curve; in this way they obtained for the rather weak 
1088 keV resonance a width of 150+ 50 eV. They 
tabulated 17 resonances from the literature, revising 
some of the energies and widths from their own work 
For the first 15 resonances they list the relative inten- 
sity, with the 872.1 keV resonance taken as 100% 
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They include scans of three strong, relatively broader 
resonances (872, 934, 1370 keV), comparing the latter 
with a simultaneous measurement of '’F(p, a)'°O at 
150°. They discuss how to choose among the nuclear 
reactions and resonances to achieve the best sensitivity, 


depth resolution and speed of measurement 


“F(p, p'y) F Q@=0MeV 


This method has been commonly used for the deter- 
mination of F, and is likely to become more widely 
used as larger HPGe gamma-ray detectors become 
available. Demortier et al. [28] placed a Ge(Li) detec- 
tor at 90° to a proton beam and measured the yield of 
the 110 and 197 keV gamma-rays from a thick target 
(CaF, mixed with graphite). They plot and tabulate 
both yield curves in the range 0.9-2.4 MeV. The two 
curves are significantly different but the identified res- 
onances coincide (12 for 110 keV and 14 for 197 keV) 
Stroobants et al. [29] present similar data and consider 
the possible interference from '“O(p, y)'’F (197 keV); 
they concluded that it could be dealt with by compar- 
ing the 110/197 ratio with an F standard or by measur- 
ing the 495 keV gamma from '°O(p, y)'’O. 

Grambole et al. [31] measured the thin target exci- 
tation functions for the 110 and 197 keV radiations for 
E., = 0.7 to 2.9 MeV. They showed that the resonances 
are isolated and narrow below 1.5 MeV but above that 
they are much broader. Prominent resonances are 872 
and 1088 keV (for 197 keV radiation) and 934 and 
1420 for 100 keV. They show also thick-target yield 
curves from 0.8-1.55 MeV for these radiations and a 
gamma-ray window 3.0-7.2 MeV from '’F(p, ay)'®O. 
From further measurements they concluded that the 
narrow 1088 keV resonance in the 197 keV yield curve 
is suitable for shallow depth profiling of solids. 

Boni et al. [32] wished to analyze several elements, 
including F, in thin and intermediate specimens. To 
this end they measured the excitation functions for the 
110 and 197 gamma-rays in the proton energy range 2.2 
to 3.8 MeV, searching for energy intervals in which the 
cross section was as as high and constant as possible. 
Their published data show much irregularity but some 
regions between 3.5 and 3.8 MeV where at least one of 
the cross sections is reasonably constant. 

Bird and Clayton [33] noted that the elements Al 
and Na were those most likely to contribute a back- 
ground to the 6-7 MeV window used for determining 
F via the '*F(p, ay)'®O reaction. However, intense 
gamma rays of lower energy were emitted in the (p,p’y) 
reactions. The detection limit of the (p, ay) reaction 
could therefore be reduced by collecting a spectrum of 
the low energy window (with a Ge detector) simultane- 
ously with a spectrum of the high energy window (with 
a scintillation detector). The intensity of the low energy 
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radiations could be used to calculate the contributions 
from these elements to the high energy window. This 
technique could prove valuable when determining F in 
mineral grains, since their content of Al or Na is 
usually much higher than that of F. 


F(d. p)’F Q=4.379 MeV 
ME(d,a)'’O Q= 10.038 MeV 


In a detailed paper, Maurel et al. [34] considered 
deuteron-induced reactions from two standpoints: when 
other light nuclei are to be measured along with some 
light nuclei it could be advantageous to do so with a 
deuteron beam; it is also desirable to know how peaks 
from fluorine may interfere with measurement of other 
elements. They publish o( £, 150°) for the a, and a, 
groups of the '’F(d, «)'’O reaction from 0.7 to 1.95 
MeV. 

In their discussion of the (d, p) reaction they list the 
Q values for 14 proton groups and the energy of the 
protons at 150° for E, = 1.5 MeV. They illustrate the 
interference effects between fluorine and other light 
nuclei in the rather complex spectra arising from 
deuteron beams. They emphasize the importance of 
selecting optimal bombarding and detection condi- 
tions, including the depletion depth of the detector 
and the thickness of the filter which blocks the 
deuterons. They plot spectra which show proton peaks 
from F and their relation with peaks from '*C, '*N, 
and '°O. 

Bondarenko and Rudenko [35] determined F in 
zirconium by an activation method: detecting 1.63 MeV 
gamma-rays from the decay of *’F (11.4 s). The speci- 
mens were bombarded by 3 MeV deuterons for 30 s 
then automatically delivered to the counting position, 
where a series of counts was taken over 160 s. The 
decay curve was fitted to remove interference from the 
1.78 MeV gamma from **Al, produced by the (d, p) 
reaction on Al impurities. The lower limit for F detec- 
tion in zirconium was 0.5 ppm. 


"F(a, p)”"Ne @Q=1.675 MeV 


McIntyre et al. [36] employed resonances in the 
'F(a,p)”Ne reaction to detect and depth profile '°F 
in solid targets. They bombarded a MgF, film with 
alpha particles in the range 2100-2500 keV and de- 
tected protons at 135° with a silicon detector covered 
with a 25 wm Mylar film to stop elastically scattered 
alpha particles. They observed two proton peaks, from 
reactions leaving ** Ne in its ground and 1.28 MeV first 
excited state, and two strong resonances in the yield 
curve, at 2190 and 2315 keV, in general agreement 
with the results of Kuperus et al. [37]. They showed 
that this method provided a simple, specific probe for 
F in the presence of heavier elements such as Ga and 
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As, where Rutherford backscattering was ineffective. 
The low background in the proton spectra resulted in 
good sensitivity for F detection, of the order of 10'° F 
atomscm *. A smaller resonance at 2443 keV had 
been used for near-surface analysis by Smulders [38] 
and Kuper [39]. 


"F(a, a’y)'""F Q@=0 MeV 
"F(a,ny) Na Q 1.950 MeV 
"F(a, py) Ne @Q=1.675 MeV 


Giles and Peisach [40] bombarded CaF, targets with 
high energy alpha particles and recorded with a Ge(Li) 
detector the resulting gamma spectrum. There were 
significant peaks from each of the above reactions: 
from the first 110, 197, 1236 and 1349 keV; from the 
second 583, 891 and 1528 keV; from the third 1275 
keV. They measured the excitation functions for the 
110 and 197 keV gamma-rays from E, = 3 to 5 MeV. 
Both of these increase by about 100 times over this 
interval. The minimum detectable amount of F, using 
the 197 keV gamma-ray, was about 100 ng. 


3.1. Depth profiling 


Since the pioneering work of MGller and Starfelt [2], 
depth profiling of fluorine has been carried out exten- 
sively on man-made materials and on tooth enamel. A 
number of narrow resonances in the '’F(p, ay)'°O 
reaction have been employed. The work of Dieumegard 
et al. [22] is a good summary of these resonances and 
their properties, from which the experimenter can 
choose according to the required yield, depth capabil- 
ity and depth resolution at the surface. The resonance 
with the highest yield (872 keV) has been commonly 
used [8,41], as has the slightly less intense 1375 keV 
resonance [41]. The weak but isolated resonance at 672 
keV has been used [6], as has the very narrow reso- 
nance at 1088 keV [31]. The lowest resonance at 340 
keV is narrow (/J'= 2.85 keV), is 140 keV below the 
next resonance and has a low background. For these 
reasons it has been applied by several groups in recent 
years [42-45]. 

It appears that, until 1983, resonances in the 
'F(p, p’)'°F reaction were not used for depth profil- 
ing. By measuring the 197 keV gamma rays in the 
vicinity of the 1088 keV resonance, Grambole et al. 
[31] profiled F in glass and in implanted silicon, and in 
a surface layer on ZrNb. 

Methods for extracting the depth profile from a 
nuclear excitation curve have been described in a num- 
ber of papers, for example [22,31,43,44,47,48]. Nuclear 
reaction data for ion beam analysis have been reviewed 
by Bird [49], and in a book edited by Bird and Williams 
[50]. 
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Fig. 2. F scans of a human tooth (full line) and a bovine tooth 
(dotted line) showing that the concentration in the inner 
enamel is about 50 ppm, so any interference from reactions 
with other elements must be no greater than this and may be 


much less 


3.2. Summary 


lon beam analysis of fluorine has been dominated 
by the (p, ay) and (p, p’y) reactions, both of which are 
simple to use and have high sensitivity. The 6-7 MeV 
radiations from the first reaction are readily detected 
with a Nal(Tl) or BGO crystal, since high resolution is 
not required. This method is very suitable for measur- 
ing fluorine distributions in sections of bones or teeth, 
since the background is very small. There is some 
interest in determining very low levels in teeth, so the 
sources of background must be examined. Calcite pro- 
vides zero background, which eliminates Ca, C and O, 
but P and N should be tested further. Fig. 2 shows that 
the background from hydroxyapatite cannot be equiva 
lent to more than 50 ppm of F, but it may be much 
less. In the study of rocks other elements could gener- 
ate a higher background under the high energy win 
dow, which could be calculated from the spectrum of 
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Fig. 3. A thick-target yield curve of the high energy gamma 
rays of fig. 1, with a window set between 4-7.2 MeV. The 
target was a crystal of fluorapatite 


low energy gamma rays, as described above. The nu- 
merous and well-characterised resonances in the yield 
curve are diverse in their characteristics and the exper- 
imenter must select the best for his purposes. 

To use the (p, p’y) reaction requires a high resolu- 
tion detector, but these are available with high effi- 
ciency. The two peaks sit on high backgrounds, so 
spectra must be collected so that the peak areas can be 
extracted. Although this means that the reaction is less 
suitable for measuring distributions in biological mate- 
rial it could provide lower limits in studies of rocks. 
Only a limited amount of depth profiling has exploited 
this reaction 

The (p, a) and (a, p) reactions could prove valuable 
in measuring very low levels of F in metals and rocks 
Other a-induced reactions require a high energy beam 
and are likely to remain little used 

The basic information on the reactions induced by 
deuteron bombardment of '’F is known but these 
reactions have been little used for analysis of materials. 


4. Applications to inorganic materials 
4.1. Geochemistry 


Sippel and Glover [1] wished to develop a rapid 
analytical technique for the analysis of sedimentary 
rocks, which would allow analysis of the light elements 
not accessible to the XRF technique. Their targets 
were prepared from powdered sedimentary rocks mixed 
with binders of KBr, KCI or graphite. They regarded 
the most promising method for F as the detection of 
the 6-7 MeV gamma-rays. They discussed the correc- 
tions for stopping power of the matrix and calculated 
the stopping powers for the main constituents of sedi- 
mentary rocks 

Clark et al. [51] developed these techniques further, 
and by this time the Si(Li) and Ge(Li) detectors were 
available. They analyzed a USGS standard rock for a 
total of 28 elements. For fluorine they used 1.375 MeV 
protons, detected the same gamma-rays and claimed a 
thick-target detection limit of 1 ppm. 

Allen and Clark [52] analyzed F in different phases 
of meteorites. The samples were crushed and homoge- 
nized as much as possible with a graphite binder; in 
some instances the magnetic and nonmagnetic portions 
were analyzed separately. Using the same techniques 
as before they found significant variations within each 
sample. They concluded that about 20% of meteoric F 
is in the metal or a phase closely associated with it, but 
in the non-magnetic phase it was associated with pla- 
gioclase. 

Hanson et al. [53] made careful determinations of F 
in NBS Standard Reference Materials for comparison 
with determinations by chemical methods. They chose 
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SRM91 (opal glass), SRM120b (phosphate rock) and 
SRM267 1a (freeze-dried urine). These materials, with 
F concentrations in the few percent range, provided 
the opportunity for a stringent test of the nuclear 
technique. They detected with a Ge(Li) detector the 
110 and 197 keV gamma-rays excited by 3.1 MeV 
protons. Their results, corrected for stopping power 
differences, agreed to 5% or better with the NBS 
certified values. 

A team from Liege has explored further the analysis 
of F in rocks, with clear ideas of the information it may 
provide. They bombarded their targets with a broad 
beam of 1.5 MeV protons and detected the 6-7 MeV 
gamma-rays with a standard Nal crystal [54]. They did 
not use all the peaks, only the full-energy peak at 6.1 
MeV. Their corrected results for geochemical refer- 
ence samples were within 10% (or better) of the certi- 
fied values. They estimated their lower limit of detec- 
tion as 25 ppm. An advantage of the PIGE method is 
that calibration may be based on pure chemical stan- 
dards and independent of reference materials. They 
proceeded to analyse 15 geochemical standards from 
the Geological Society of Japan [55], for which F data 
was very limited. They estimated the precision of their 
results as 10% at the 100 ppm level and 6% at the 1000 
ppm level. 

In a third paper [56] they reported on more than 
200 specimens from an igneous complex and surround- 
ing metamorphic rocks in SW Norway. Fluorine is an 
important constituent besides CO, of the fluid phase 
in equilibrium with igneous and metamorphic rocks. 
There was a good correlation between the concentra- 
tion of fluorine and of phosphorus for igneous rocks, 
suggesting that fluorine is esentially contained within 
the mineral calcium apatite. The trends on F with 
position in the complex could be explained in this way. 

A study based on fluorine analysis in serpentinite 
rocks from Lower Silesia was reported by Prybylowicz 
et al. [57]. The 110 and 197 keV gamma-rays were 
detected, as were gamma-rays from Li, Na, Mg and Al. 
Rocks representing different degrees of alteration of 
primary peridotite into sepentinite were analyzed, and 
F contents varied from 140 to 300 ppm. They observed 
no correlation between the F content and degree of 
alteration of the primary rock. 

The studies described so far measured the F level in 
pellets of homogenized rock. This is a limited source of 
information, most of which is retained in the detailed 
contents of individual mineral grains. This has been 
done with great thoroughness by using the PIXE 
method, e.g. ref. [58]. Coote et al. [59] reported mea- 
surements of F in individual grains of epidote, horn- 
blende, biotite and apatite in eight igneous and meta- 
morphic rocks. They were interested in using these 
ratios as a geothermometer, recording the maximum 
temperature ever reached by these rocks. Thermody- 


namic theory [60] predicts the variation with tempera- 
ture of the equilibrium ratio of F levels in coexisting 
various pairs of minerals. More recently, Mosbah et al. 
[61] determined F in natural glasses and in melt inclu- 
sions trapped in minerals of different origins. They 
consider fluorine to be a good tracer of magmatic 


evolution, as it can be concentrated in silicate melts as 
fractional crystallization progresses. They used 3.4 MeV 
protons focused to a 30 wm spot, detected the 110 and 
197 keV gamma rays, and investigated the change in 


yield with thickness of the specimen. The measured 
lower limit of detection for an integrated charge of 500 
nC was 30 ppm. 


4.2. Materials 


Miller and Starfelt [2], involved in the development 
of nuclear power, were concerned at the possible con- 
tamination by fluorine of Zircaloy-clad fuel elements; 
if this occurred when the Zircaloy was pickled or 
electropolished it could lead to excessive corrosion. 
With their interest in the depth distribution they de- 
vised a method to measure it. They varied the proton 
energy over the 1375 keV resonance and detected 6-7 
MeV gamma-rays with a Nal detector. They developed 
sufficient profiling theory to enable them to derive the 
depth distributions, including the effects of straggling. 
On unoxidized samples the fluorine was only on the 
surface, but in oxidized samples it was distributed to 
depths of several micrometers. 

In England, Jarjis [62] was concerned with fluorine 
contamination of Magnox (magnesium alloy) reactor 
fuel canning material. He used the same reaction, after 
measuring its excitation function on a thin CaF, target. 
He varied the proton energy from 1.25 to 1.55 MeV, 
which includes the resonances at 1.283, 1.348 and 1.375 
MeV. Analysis was done with a convolution program in 
which he inserted estimated profiles. 

O’Connell and Crumpton [63] applied the same 
technique to the micronalysis of fluorine in micro- 
cracked chromium plate. Microcracking occurs if fluo- 
rosilicates are added to standard plating solutions. The 
surface concentration of F was constant to within 5% 
independent of plating conditions, while the bulk con- 
centration was independent of the presence or quality 
of microcracking and was inversely proportional to the 
rate of electrodeposition of chromium. 

For their measurements of fluorine contamination 
of Al, Si, Zircaloy and stainless steel, Gippner et al. 
[64] used the low energy gamma-rays because an unam- 
biguous background separation was possible. They ob- 
served the 110 keV gamma-ray with a Ge(Li) detector, 
and varied the proton energy over the 872 and 935 keV 
resonances. They studied fluorine contamination of the 
surfaces of silicon wafers after procedures such as 
etching and polishing. 
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In a continuation of this work [31], the same group 
investigated implanted silicon samples as well as ZrNb 
plates and Cr—Al layers after HF treatment. They also 
measured thin target excitation yields for the 110 and 
197 keV gamma-rays from 0.7 to 2.9 MeV, and investi 
gated in detail the 1088 keV resonance, which they 
regarded as well suited to the measurement of profiles 
in the near-surface region of solids. 

Depth profiling was applied by Derry et al. [65] to 
trace the diffusion of fluorine ions which had been 
implanted into diamond. The fluorine diffused via in- 
terstitial positions to the surface. Further insight was 
gained by implanting and profiling ‘°C. 

Hirvonen and Yang [66] pioneered a new field of 
application: the tribology of polymers. They investi- 
gated the transfer of polytetrafluoroethylene (PTFE) 
during unidirectional sliding on a stainless steel sur- 
face. To determine the minute amount of material 
transferred they measured the 6-7 MeV gamma rays at 
the 340 keV resonance. The transfer was examined 
from the first pass (when the highest transfer rate 
occurred) and was followed for the first ten passes 
The average transfer rate was in most cases less than a 
monolayer, which indicates an uneven deposition. 

The 340 keV resonance was employed by Rickards 
[67] to detect fluorine at high sensitivity, and to deter- 
mine shallow depth profiles. He measured fluorine in 
F-doped films of SnO, used as conducting electrodes 
in solar cells [45]. The distribution and amount of F 
were related to the film growth parameters. Further 
studies concerned the corrosion of aluminium and 
stainless steel in an atmosphere of UF,, and the stabil- 
ity of a Teflon target under proton bombardment. 

Caridi et al. [68] studied fluorine enrichment phe- 
nomena in the coal combustion cycle, a topic of con- 
cern because fluorine is associated with corrosion in 
power plants and with the environmental impact of fly 
ash. Fly ash was collected at the input and output of a 
pilot electrostatic precipitator installed at a power 
plant, as well as samples of the coal. From the mea- 
surements they derived enrichment factors in the path- 
way from coal to fly ash and observed the influence of 
different operating modes of the electrostatic precipi- 
tator. 


5. Applications in biology and medicine 
5.1. Calcium hydroxyapatite and fluorapatite 


The importance of fluorine in biology and in studies 
of living things arises from the structure and properties 
of the essential and remarkable mineral calcium hy- 
droxyapatite Ca,OH(PO,),, which, by exchange of F 
for OH can become partially or completely fluorap- 


atite, containing 3.77% F by weight. The structure of 
the two minerals is exactly the same except that the 
first has a slightly larger unit cell. The structure is quite 
complex, with vertical symmetry axes of three kinds. 
Beevers and McIntyre [69] take several pages to de- 
scribe it, but for our present purpose the following 
points are of importance: the basic structure is made 
up of the ions of Ca, P and O; the OH” or F~ ions lie 
in channels along the c-axis defined by planar triangles 
of Ca ions; the fit in these channels is critical and no 
other ions are known to fit into them. A slight increase 
in order in the structure which occurs when hydroxyl 
ions are replaced by fluoride is believed to be the 
cause of the relative instability of hydroxyapatite (HAP) 
compared to fluorapatite (FAP) [70] 

From a study of the exchange reaction, Hagen [71] 
concluded that the conversion of HAP to FAP requires 
only small concentrations of fluoride, and is strongly 
favoured under acid conditions. A calculation of the 
thermodynamic constant for this reaction implies that, 
under physiologic conditions, FAP will always form at 
the expense of HAP. The crystallization of apatites in 
living things is a complex process, involving intermedi- 
ate minerals such as octacalcium phosphate. Structures 
of biological minerals are reviewed by Young and 
Brown [72], calcium phosphate crystallization by Nan- 
collas [73], vertebrate tooth mineralization by Veis [74] 
and proposed mechanisms of dental caries by Arends 
[75]. 

Much effort has been devoted to the study of diffu- 
sion of fluoride ions in apatites. Tse et al. [76] point 
out that because the fluoride distribution is one-dimen- 
sional, ions cannot enter the crystal by a simple diffu- 
sion process as would be the case in a material with 
3-D diffusion paths. Even if fluoride ions could enter 
the channels they would be able to leave at the same 
rate. The uptake of fluoride ions would become possi- 
ble in the presence of an electric field, which would 
produce a flux of vacancies within the hydroxyl sublat- 
tice [77]. 


5 2 Bone 


lon beam studies of fluorine in bone are very few 
compared to those of teeth. Hyvénen-Dabek [78] deter- 
mined a number of elements in bone samples by irradi- 
ating freeze-dried samples with 2.4 MeV protons, and 
recording gamma-rays with a Ge(Li) detector. She esti- 
mated a detection limit of 1 ppm for fluorine, and 
found in her samples a range from 170 to 1630 ppm. 
Kajfosz and Szymczyk [79] used the same technique to 
determine fluorine in fresh and ashed human bones. 
Ash samples gave better reproducibility because ashing 
is a homogenization process. The bones of rabbits were 
powdered and their fluorine content determined by 
Chaudhri et al. [80]; the fluorine content was 0.073% 
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Fig. 4. Distributions of F (full line) and Ca (dotted line) from 

linear scans across sections of two rat femurs; (a) at age 4 

weeks, (b) at age 12 weeks. The maximum F concentration is 
about 0.5%. The scan was from front to back of the femur 


for control animals but 0.63% for those kept on fluori- 
dated water for 45 days. 

A recent investigation [18] shows that ion beam 
analysis can reveal details of growth processes in the 
bones of an experimental animal, in both cortical (solid) 
bone and trabecular (cross-bracing) bone. If an animal 
is fed a diet rich in fluoride much of it will be incorpo- 
rated into those parts of a bone which are growing 
rapidly or are being remodelled by special cells. The 
fluorine distribution will therefore depend on the age 
of the animal and its age when fluoride was first 
ingested. Measurements on rat femurs and vertebrae 


were performed to show if remodelling of cortical and 
trabecular bone occurred at the same or at different 
rates. 

The goal was a practical one in that the results are 
relevant to the monitoring and treatment of osteoporo- 
sis, a disease in which the total amount of bone is 
reduced although the quality remains good. Fluoride 
therapy for this disease has been found to improve 
bone mass, if the fluorine is retained in the body. 
Nuclear resonance techniques can measure the fluo- 
ride level in the cortical bone of the finger of a patient 
who has ingested F in the treatment of osteoporosis. 
But does uptake in cortical bone tell anything about 
uptake in the critical trabecular bone? They concluded 
from their studies that, in the rat, uptake by cortical 
bone indicates uptake by trabecular bone, so put for- 
ward the working hypothesis that NMR measurement 
of F in the finger is a useful way to monitor changes in 
trabecular bone. A selection from the extensive mea- 
surements which led to this conclusion may be of 
interest. Fig. 4 shows fluorine and calcium scans at 
different positions on two rat femurs. There are marked 
changes with position along each femur, and between 
the two femurs. Three-dimensional distributions (fig. 5) 
were measured to ensure that the usual 1-D scans were 
providing a representative picture. The distributions in 
trabecular bone of two vertebrae are shown in fig. 6. 


5.3. Teeth 


Studies of teeth by ion beam techniques have natu- 
rally been very extensive, and the fluorine in the outer 
layer of enamel has been the main target of depth 
profiling measurements. 

The first paper on the fluoride profile in enamel 
was published by Mandler et al. [6]. Using the 672 keV 
resonance and a Ge(Li) detector to observe the 6.13 
MeV gamma rays, they profiled to a depth of 2.1 um. 


Fig. 5. 2-D distributions in a section of a rat femur; (a) F, (b) Ca. The maximum F concentration is about 0.5% 
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Fig. 6. F (full line) and Ca (dotted line) distributions from line 
scans across sections of two rat vertebrae; (a) at age 4 weeks 


(b) at age 12 weeks 


The uptake of fluoride into enamel from several fluo 
rine compounds was examined in this way. Thomas and 
Grea [81] devised a method, using large energy steps, 
for profiling deeper into the enamel. Stroobants et al 
[29] also performed depth profiling of enamel. In a 
thorough paper, Lindh and Tveit [47] discussed the 
theory of depth profiling and applied it to enamel. 

Stroobants et al. [82] describe their external proton 
beam method for in vivo analysis of a human tooth 
They concluded that there was no radiation hazard or 
modification to the crystallite structure. This proce- 
dure was used intensively for studies of topical applica- 
tions of fluoridated compounds [83]. Chaudhri and 
Crawford [7] investigated the influence of trace ele 
ments on the fluoride uptake by teeth, by collecting 
PIXE spectra from | mm? areas of sectioned teeth 
Crawford et al. [8] applied fluorine depth profiling to 
the study of cementum, in a study of peridontal dis- 
ease. Bodart et al. [84] carried out a large scale study 
of enamel of primary teeth, collected in different local- 
ities in Belgium. They calculated a table of correlation 
coefficients between fluorine and nine other elements 

The Heidelberg proton microprobe was applied by 
Svalbe et al. [9] to a study of fluorine and other trace 
elements in the full depth of enamel and into the 
dentine. Of particular interest were the concentration 
variations at the enamel surface and at the enamel-de 
ntine junction. Dentine showed more variation in com- 
position than enamel. A similar technique was used to 
scan the enamel surface at the positions of pre-carious 
lesions [10]. Fluorine was strongly enhanced within the 
lesion area, and showed marked variations in concen- 
tration at about | ym intervals. 

With the various techniques established, recent work 
has concentrated on two main areas of dental research, 
the influence of fluoride on the development of teeth 
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and on the reduction of dental caries. Lenglet et al 
[14] examined the effect of a single fluoride dose on 
pre-eruptive enamel mineralization of hamster tooth 
germs. Using a proton microprobe, they measured dis- 
tributions of F, Ca and P. The largest conceniration of 
fluoride was found at the enamel-dentine junction. 

The sheep is commonly used as an experimental 
animal in research on tooth development. Nelson et al. 
[15] published microprobe measurements on teeth from 
five sheep, which had been exposed to enhanced levels 
of fluoride daily for six months. Fluorine, calcium and 
zine distributions were measured along multiple scans 
of enamel and dentine, at | mm intervals down each 
tooth, to provide a complete picture. The pattern of 
calcification, downwards from the tip and in both di- 
rections from the enamel—dentine junction, showed 
clearly in those animals given a high dose for a short 
time. Sheep teeth from a related experiment have 
recently been examined in the same way. A series of F 
scans from one tooth is illustrated in fig. 7 

Angmar-Mansson et al. [16] report on an experi- 
ment in which female rats were given a single dose of 
fluoride, at four different concentrations. Even animals 
killed 70 days later had fluorosis in their incisors, 
though they had been renewed nearly twice. The re- 
sults support the hypothesis that sufficient F can be 
mobilized from bone adjacent to a tooth to affect the 
formation of enamel 

Nelson et al. [17] exposed extracted human teeth to 
weak acid alternated with fluorine-containing com- 
pounds (two toothpastes and a mouthwash). The ex- 
posed areas were scanned with the proton microprobe 
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Fig. 7. F distributions from scans across a sheep tooth, with 
enamel on the left and dentine on the right. The maximum f 


concentration was about 0.7% 


Il. REVIEW PAPERS 





G.E. Coote 





w/w) 


(% 


concentration 


F 


/ 
L) / 


" -? 
"\ P\wLocer ee ne? 
0.0 


0 1 2 3 
distance in mm 











Fig. 8. F distributions from lateral scans about halfway down 

sections of three human premolars. Full line: New Zealand, 

about 1940; dashed line: New Zealand, 1987; dotted line 
from Kenya 


to reveal differences in fluorine and calcium distribu- 
tions, in comparison with masked control areas. Micro- 
hardness testing and the calcium profiles were used to 
determine the extent of lesion progression. A NaF 
dentifrice and mouthwash were observed to induce a 
considerably higher uptake of fluoride in the lesion (up 
to five times the original level) than a toothpaste 
containing morofluorophosphate. Each product was 
equally effective in reducing the extent of lesion 
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Fig. 9. F (full line) and Ca (dotted line) scans of a sectioned 
shark tooth, compared with the F scan of an FAP crystal 
(dashed line) 
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Fig. 10. F (full line) and Ca (dotted line) distributions along 
the centre line of a fish scale; (a) bream, (b) orange roughy 


progress, although the mineral content profiles of their 
lesions differed. Some of the F and Ca scans from this 
work were published earlier [85] 

Cutress and Coote [86] have embarked on a com- 
prehensive proton microporobe study of tooth collec- 
tions from a number of periods and places, to provide 
information which should help answer remaining ques- 
tions on the role of fluoridated water and toothpastes 
in the prevention of caries and the causes of fluorotic 
markings in enamel. Some early results from this study 
(fig. 8) illustrate the large range in fluoride levels in 
enamel and dentine which do exist. However they do 
not compare to that in a shark tooth (fig. 9) which near 
the tip is almost pure FAP. 


5.4. Fish scales 


A fish scale consists of layers of protein strength- 
ened with mineral. X-ray diffraction analysis shows 
that most of this is calcium hydroxyapatite, so it is not 
surprising that significant amounts of fluorine have 
been found in all scales examined so far [19]. The 
distributions are highly variable and often are quite 
different from those of the calcium. They have been 
described and interpretated by Gauldie et al. [96,97]. 
Scans along the centre line of scales from two species 
are illustrated in fig. 10. 


6. Applications in archaeology 


6.1. Bone 


The application of ion beam techniques in archaeol- 
ogy and the arts is reviewed by Bird et al. [87]. 

The first radial profiles of fluorine in archaeological 
bone were published by Coote and Sparks [11]. Their 
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intention had been to compare the ratio of nitrogen to 
fluorine, measuring these with a deuteron and proton 


beam, respectively. Nitrogen was detected but disap 
peared rapidly under the beam, but the fluorine was 
completely stable. It later became evident that useful 
information was contained in the radial profile of the 
fluorine, which diffused inward from the outside of the 
bone, or from an internal surface which had become 
exposed to groundwater. The distance scale is large 
up to 10 mm, and may be up to | mm after only a few 
years. There were some suggestions regarding possible 
applications of these profiles. These included: as a 
dating technique, with perhaps low accuracy but a 
useful range extending from a few years to tens of 
thousands; as a quick method for selecting bones suit 
able for radiocarbon dating; or a quick way of separat 
ing bones of different age or provenance (since the 
surface concentrations might be different). 

Haddy and Hanson [88] measured nitrogen and 
fluorine concentrations in a number of bones, using a 
chemical method for nitrogen and inelastic scattering 
for fluorine 

The mechanism for diffusion of fluorine into the 
bone was not known. The radial profiles suggest that 
there are two: a fast process which introduces only 
about 0.1%, presumably onto crystal surfaces; and a 
slower process which can result in concentrations of 
1% or more. An equus bone from the Olduvai Gorge 
(1.75 Ma) had almost attained the composition of fluo 
rapatite (3.77% F). The slow process cannot be solid 
state diffusion into the canals of the apatite structure 
We believe that it is an example of bone remodelling, 
in which HAP crystals dissolve and are partially re 
placed by the less soluble FAP. In completely dry 
conditions, as in some caves, F does not diffuse into 
the bone or outwards from its higher concentrations 
around the Haversian canals. The same situation ap 
plies if the bone had been heated in a fire before 
burial, but this must have a different explanation 

Profiles of bones from a burial ground in coral of 
the Solomon Islands were published [59]. Surface con- 
centrations ranged from 0.2—1.0% F, which was typical 
of bones from quite different soils in New Zealand. A 
further paper [12] included profiles of animal bones 
which had been buried for only a few years, and of 
moa bones from an arid area of New Zealand, includ- 
ing some which had been burnt before being discarded 
Aware that important bones could not be cut in half, 
two methods were suggested for removing a section 
from one side of a bone, so that after microprobe 
analysis it could be glued back into place with a gap- 
filling glue. 

A quantitative treatment of these profiles was intro- 
duced by Coote and Nelson [89]. Diffusion theory [90] 
shows that diffusion into a circular cylinder can be 
described by two dimensionless parameters, the “scaled 
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radius” and the “scaled time’, which contains the 
product Dr (diffusion constant by time elapsed). The 
fitting process was done visually on a screen, adjusting 
Dt until the best fit was obtained. A value for D was 
obtained by profiling bones dated by radiocarbon, 
hence ¢ could be derived for a selection of bones. 
Some of the fits are remarkably good, others show 
deviations which may indicate changes in groundwater 
fluorine concentrations over time; the program could 
be modified so that such changes could be introduced 
and tested empirically. 

Examples of bone profiles are included in a more 
recent paper [85]. The profile of a moa bone dated by 
radiocarbon at 16000 y is compared with calculated 
profiles for 1600 y and 100000 y, suggesting the large 
range of application. The method could prove most 
useful in the range 0-500 y, where radiocarbon dates 
are not very reliable. 

Applications of these methods to forensic science 
and Pacific archaeology were described by Coote and 
Dennison [91]. The forensic application concerned hu- 
man bones discovered under a shed in pumice soil 
which did not retain moisture. Quite different appar- 
ent ages from bones discovered only a few inches apart 
emphasized the importance of moisture in fluorine 
diffusion. A collection of finger bones from one Pacific 
island all gave ages of about 70 y, supporting other 
evidence of a fatal epidemic on the island. A museum 
collection of bones from the Marquesas Archipelago 
showed a much wider range, some perhaps too old to 
be accepted. It did identify bones whose radiocarbon 
date would be important, and this could become the 
primary use of the relatively simple and cheap fluorine 
profile method 


6.2. Teeth 


The first fluorine profile of an archaeological tooth 
was published by Coote and Holdaway [12]. The 800 y 
old tooth from the Solomon Islands revealed for the 
first time the characteristic internal profiles of exca- 
vated teeth; they slope downwards from the inner 
surface of the dentine, showing that fluoride ions in 
ground water enter the tooth through the nerve canal 
and are deposited on the walls of the pulp cavity; they 
diffuse outward through the dentine and in a few 
thousand years may reach the enamel. Since there are 
no canals in dentine the profiles are much smoother 
than those in bone, and can be fitted accurately by 
numerical simulation [85,41]. 

The proposal to use these interior profiles for the 
relative dating of burials was tested by Vickridge et al. 
[41], on archaeological human teeth from the Solomon 
Islands and pig teeth from Vanuatu. In identifying the 
sequence of pairs of human burials interior profiles in 
dentine were less successful than outer profiles (diffu- 
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sion inward from the cementum.) In pig teeth the 
internal profiles were much less prominent than in 
human teeth. An unexplained feature of the profile, as 
if from diffusion inward from a spike at the enamel-de- 
ntine junction, was not present in modern pig teeth. 
The results from depth-profiling of pig enamel did not 
show promise as an alternative dating method. The 
authors concluded that there was much to be learned 
about fluoride diffusion into buried animal teeth and 
that other species should be investigated 

Can the interior profiles of human teeth be used to 
study the sequence of burials in an ancient cemetery? 
Coote and Molleson [13] attempted to answer this with 
teeth from a fourth century Roman settlement, Pound- 
bury Camp in Dorset. Scans of medial sections of these 
teeth showed clearly the interaction of fluoride with 
the constituent parts of a tooth. Fluoride may entet 
enamel but it diffuses extremely slowly and for most 
purposes is blocked. The thin layer of cementum is 
almost as effective, though it shows concentrations two 
or three times higher at the surface. But if the enamel 
or cementum layer has been removed by disease so 
that dentine is exposed, fluoride diffuses quickly into it 
as if it were bone. An undamaged tooth is therefore 
well sealed from fluoride, and presumably other ele- 
ments, apart from entry with water through the nerve 
canal. 

The profiles in this study proved unsuitable for 
dating, since the true diameter of the pulp cavity for 
each scan could not be measured from these sections 
It will be necessary to section the tooth transversely, so 
that the scan can be directed precisely across the 
centre. Work will continue along these lines. 

The same workers have begun a study of eighteenth 
century human teeth, not from a cemetery but the 
crypt of an English church [92]. Some bodies were in 
wooden coffins, others sealed in lead. The anthropo- 
logical information stored in these teeth is the main 
source of interest, but there might be some surprises 
For example, fig. 11 shows two scans of a premolar 
from a wooden coffin. It seems clear that fluorine 
diffused from the pulp cavity into the dentine, but 
where did it come from? It was also present outside 
the tooth, as shown by the high level in the cementum; 
the contrast with enamel is clear. Post-mortem uptake 
of fluorine and other elements by teeth has been 
reviewed by Molleson [93]. 


6.3. Obsidian and quartz 


In an early application of ion beam analysis of 
fluorine Coote et al. [94] bombarded obsidian (volcanic 
glass) with protons and detected the low energy 
gamma-rays from the minor elements sodium, fluorine 
and aluminium. Examination of these ratios for 120 
specimens showed that the fluorine / sodium ratio gave 
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Fig. 11. F (full line) and Ca (dotted line) distributions across a 
section of a human tooth from a church crypt (burial date 
about 1750); (a) from enamel (left) to pulp cavity, (b) from 


cementum (left) to pulp cavity 


the best separation of source sites. The method was 
further developed by Bird and collaborators and used 
in extended studies of Melanesian obsidians [95]. Sam- 
ple geometry was not critical and high precision could 
be attained in automated measurements lasting 3 to 5 
min. Although a successful method it was eventually 
supplanted by the PIXE method with which more 
elements could be measured 

The very slow diffusion of fluorine from groundwa- 
ter into quartz was investigated by Walter et al. [20] by 
depth profiling at the 872 keV resonance, detecting 
6-7 MeV gamma rays with a BGO detector. They 


concluded that the profile width was roughly propor- 
tional to the time since the flint was worked. They 
applied the technique to a particular archaeological 
problem at a site in France which had been occupied 
from the neolithic to the Roman period. Their evi- 
dence supported the view that the inhabitants had 
smelted bronze and worked flint contemporaneously. 


7. Discussion 


The examples given here illustrate the wide range 
of applications of the ion beam analysis of fluorine. 
The scanning proton microprobe enables detailed re- 
search on bones and teeth, but physicists will need to 
find keen collaborators who have experience in biol- 
ogy, medicine or archaeology and know which impor- 
tant questions require an answer. The methods for 
determining fluorine in materials are well established, 
while BGO and HPGe gamma-ray detectors now have 
high efficiency and excellent resolution. Applications 
in geochemistry, materials science and environmental 
studies should advance rapidly in the future. 
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Analysis of neon by particle accelerators 
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Natural neon has three stable isotopes, 7’Ne (90.92%), 7'Ne (0.257%) and **Ne (8.8%) which can be detected by nuclear 


reactions. An experiment on the elastic scattering of 2 MeV *He ions from a solid neon target at 5.5 K is described, the spectrum is 
correctly fitted with a calculation using the Rutherford scattering cross section. Most applications are in the analysis of neon 
implanted metals. Depth profiling is possible by nuclear resonant reactions. A review is given of the main resonances used; in each 
case prompt y-rays are detected. In the analysis of *’Ne, the *’Ne(p, y)?'Na* reaction has a narrow resonance at 1168,8 keV 
which can be used with detection of annihilation y-rays from the B* decay of *'Na* 

The “Ne(p, y)**Na* reaction has a resonance at 1005 keV yielding 2640 keV y-rays, the half-life (120 fs) is short enough to 


allow Doppler shift analysis 


PIXE using solid state detectors has few applications but dispersive X-ray spectroscopy of neon shows wide broadening of 
X-rays lines. This phenomenon is observed in metals implanted with neon ions. It can be used for the estimation of the pressure 


inside the bubbles formed by implantation 


1. Introduction 


Neon has little reactivity [1] and solidifies at very 
low temperature (24.3 K). This atom, however, is often 
found in solids, as retained after different treatments: 
implantation into metals with bubbles formation, sput- 
ter deposition of thin amorphous films, etching and 
cleaning of solids surfaces namely in semiconductors 
fabrication. 

This atom is sometimes used to estimate the chemi- 
cal reactivity of the neighboring isoelectric F~ and 
Na* as implanted into solids, Ne is then implanted in 
same conditions and the temperature dependance of 
neon profiles is compared with F or Na profiles [2,3]. 
The hydrogen decoration of defects produced by im- 
plantation of Na and Ne in metals was also investi- 
gated having in view a search for NaH formation [3]. 


2. Analysis by backscattering 


The analysis of neon can be made by SIMS or by 
nuclear reaction analysis (NRA). There are three sta- 
ble isotopes: 7’Ne(90.92%), 7'Ne(0.257%) and 
2Ne(8.8%). 

2°Ne is the most abundant isotope. This nucleus is 
of astrophysical importance because of resonances in 
the 7’Ne(a,y)*Mg capture reaction [4]. We have mea- 
sured the backscattering (171° lab) of *He* on 7’Ne on 


thin targets (400 A) of neon present as bubbles formed 
after implantation of 50 keV Ne”* in beryllium. A 
typical spectrum is shown on fig. 1, the *’Ne signal is 
well separated from the other components (Be, '*C, 
'°O, --- ). It is found that the cross section is Ruther- 
ford below 2.4 MeV, making the detection of *’Ne 
possible by standard RBS analysis. 

We have also measured the backscattering of 2 
MeV protons and *He from a solid target of neon at a 
temperature of 5.5 K. 

A solid neon target is produced by letting a jet of 
natural neon gas on an aluminum substrate cooled at 
5.5 K by a circulation of liquid helium. This cryogenic 
target is rapidly growing by condensation, it is used for 
proton induced X-ray spectroscopy. This target can 
evaporate by sputtering or by heating, the target thick- 
ness is controlled by backscattering of 2 MeV protons 
from this sample. The backscattering spectrum shows 
the presence of resonances, as long as the target thick- 
ness is more than 2.9 mg/cm’, this spectrum remains 
unmodified. The observation of protons scattered by 
the aluminum backing also indicates that the thickness 
is less than 2.9 mg/cm’. 

The backscattering of 2 MeV *He at 145° was 
recorded in a surface barrier detector, the spectrum 
shows the presence of Ne and *Ne. A reasonable fit 
is obtained by a curve calculated with the backscatter- 
ing formula [5] using Ziegler’s stopping power coeffi- 
cients [6] and the Rutherford cross section (fig. 2). 


0168-583X /92/$05.00 © 1992 — Elsevier Science Publishers B.V. All rights reserved Il. REVIEW PAPERS 





206 4. Banse-Lefebvre et al 
3. Analysis by nuclear resonant reactions 


The analysis of *’Ne is possible by the capture 
reaction 7’Ne(p, y)*'Na. Fortunately, there exists a 
well isolated resonance at 1168.8 keV (/’=10 eV) 
yielding a radiation of 3.545 MeV which can be used 
for depth profiling [8,9] of “’Ne implanted into metals 
and oxides (fig. 3). Depth profiling is also possible by 
activation, in this case the radiation emitted by the 
residual nucleus *!Na* (8* emitter, half-life 22.8 s) is 
detected. Using a Nal well crystal, 511 and 1022 keV 
sum y-rays are observed with small background. Neon 
profiles of Ta (Ne) samples obtained by activation are 
shown in fig. 3b [8]. 

*INe is present in very small proportions, samples 
should be considerably enriched for eventual detection. 
High resolution (15 eV) measurements have been per 
formed by Schulte et al. [9]. The 272 keV resonance in 
*INe(p, y)*?Na was studied using a monoatomic neon 
gas target at low temperature (25 K). y-rays are de- 
tected in a 100% Ge detector, the energy window is 
2-7 MeV. The resonance width is 3 eV, atomic effects 
due to L shell excitation are exhibited and the collision 
spectrum can be derived. These measurements bring 
new informations on the compound nucleus decay 
mechanism. 

2Ne isotope is best used for depth profiling of neon 
implanted into metals (fig. 4). The **Ne(p, y)**Na 


reaction has an intense resonance at E,, = 851.4 keV 


Analysis of neon by particle accelerators 


Table 1 
Resonances used for depth profile analysis of neon 


Isotope Abun / Ep a” E. 
dance [keV] [eV] [MeV] 
[%] 


1168.8 10 3.545 [8,9] 


idem idem 0.511, 1.022 * [8] 


3 3-7 [9] 


2Ne 8 85 6 2.6-9.6 [10] 
1005 2.640 ” {11} 
* Activation analysis (half-life 22.8 s) 


© Short half-life (120 fs), y-ray spectra are used for Doppler 
shift attenuation analysis 


(/’=6 eV); capture y-rays have energy between 2.6 
and 9.6 MeV, they are detected in a large size Ge-Li 
detector or in a Nal well crystal [10]. The sensitivity of 
the detection is much better than for 7’Ne if isotopi- 
cally enriched targets are used. For this reason, in the 
case of neon implantations it is advisable to use **Ne 
rather than ~’Ne as implanted species. 

There exists a number of resonances in capture 
reactions and rearrangement collisions on neon iso- 
topes. The most frequently used reactions are reported 
in table 1. Another resonance at 1005 keV in the 
*2Ne(p, y)**Na reaction gives cascade y-rays, the last 
member of the cascade is a 2.640 MeV transition 
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whose half-life is 120 fs. Such a short life-time allows 
Doppler shift analysis, a technique used by Keinonen 
et al. [11] for the estimation of the pressure of neon 
bubbles in molybdenum, tantalum and tantalum oxide. 
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4. Dispersive X-ray analysis 


PIXE analysis of neon is only possible with special 
windowless Si(Li) detector, the energy of the Ka, , 
transition is 848.6 eV. The detection of Ne K X-rays is 
possible by energy dispersive techniques, using a flat 
crystal spectrometer equipped with a quartz or a beryl! 
crystal [12]. The Ka, , line (natural width 0.2 eV) and 
many satellites from multiple ionization are observed 
during *He irradiation (fig. 5). A considerable broaden- 
ing of the Ka,, line was observed when neon is 
implanted into metals. The FWTM of this line can be 
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Fig. 5. High resolution X-ray spectrum from neon gas irradi- 

ated with 2.8 MeV *He ions. The dispersive analysis is made 

by diffraction on a beryl crystal. Zero energy corresponds to 

848.6 eV which is the energy of the diagram Ne Ka,, X-ray 
line 
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Fig. 6. X-rays spectra from neon irradiated with 2 MeV *He 

(a) Broadening of the Ka,, X-ray line when neon is im 

planted into an aluminum matrix (full line). The dotted line 

represents the spectrum from gas; (b) modification of the 

spectrum from Al(Ne) after irradiation with 300 uC of 2.8 
He®* (full line). 
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related to the metal shear modulus by a simple relation 
[12], this parameter is a measure of the neon bubbles 
pressure. In fig. 6a, the Ne Ka, , band observed during 
irradiation of a sample of aluminum implanted with 50 
keV *Ne (solid line) is compared with the Ka, » line 
from neon gas [13]. In fig. 6b, the effect of radiation 
damage is demonstrated, the solid line is from the 
same samples as fig. 6a; after a long irradiation, the 
bubbles have grown by coalescence, the pressure has 
decreased and the spectrum is typical of neon gas. This 
technique is a new way for the investigation of neon 
implanted into metals, the broadening has been at- 
tributed by the authors to the formation of a valence 
band in solid neon at very high pressure. 
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Hydrogen decoration of defects produced by Na implantation 
into polycrystalline Cr and Ta 
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Polycrystalline Cr and Ta samples were implanted with 250 keV **Na* ions to fluences of 1.5 10'’ Na* /cm?. Due to the very 
low solubility of Na in metals this leads to Na precipitates which are potential sites for the agglomeration of implantation induced 
defects. Their trapping and detrapping was observed via decoration with H. The hydrogen depth distributions were measured with 
the nuclear resonance reaction 'H('°N, ay)'*C, the Na depth distributions via **Na(p, y)?*Mg. Prior to any H or Na implantation, 
in both metals the H concentration was found to be below the detection limit of 0.2 at.%. After Na implantation (with or without 
additional H implantation) overlapping Na and H profiles were found, with the H profiles positioned somewhat deeper inside the 
samples. We interpret these results to indicate the formation of defect-hydrogen complexes at the Na precipitates, built from 


vacancies and hydrogen migrating to the implanted Na 


1. Introduction 


In recent years, ion beam techniques are being used 
to modify or tailor new materials, making use of the 
radiation damage and the high energy deposited during 
the implantation process. Many studies have shown 
that defects in metals trap light gas atoms like O, He 
or H which are solved or implanted in the sample. 
Therefore, the “decoration” of defects with these atoms 
is a method to trace the defect concentrations and to 
study the trapping and detrapping mechanism. Mobile 
defects can be trapped at the implanted atoms, at 
inhomogenieties like grain bounderies or at inner sur- 
faces which may occur between different phases. 

Implantation of heavy inert-gas ions into metals 
leads to the formation of solid precipitates [1-6]. This 
observation has attracted experimental and theoretical 
studies on the precipitate formation, its physical prop- 
erties, and physical and materials properties of metals 
[1-15]. The defect structure close to the precipitate- 
metal interface is of special interest. In spite of its 
importance and the fact that the precipitates have 
been produced by ion implantation and thus are sub- 
ject to considerable defects, there are very few studies 
in the literature on the defects at the interfaces 
[8,14,16,17]. Trapping and annealing behavior of hydro- 
gen provides a good method to study such open volume 
defects. 

In this study we have continued our work on H 
trapping defects in Ne implanted Ta and Mo [8,16] and 
Na implanted Fe, Ni and Mo [17]. Sodium was selected 
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due to its different electronic structure and larger 
atomic radius than those of Ne (2.23 A for Na to be 
compared with 0.51 A for Ne). Due to the very low 
solubility of Na in metals, Na implantation produces 
supersaturated solid solutions and results in Na precip- 
itates already at concentrations well below 0.1 at.%. 


2. Experimental procedure 


Samples of typically 10 x 10 mm? area and 2 mm 
thickness were spark-cut from 99.99% pure Cr and Ta 
sheets. For the room-temperature implantations beams 
of *Na* ions at 250 keV were produced in the Uni- 
versity of Géttingen ion implanter IONAS [18]. The 
beams were swept by an electrical x-y-sweeping sys- 
tem over a 6 mm diameter circular aperture and homo- 
geneously implanted into the water-cooled samples. 
The total implanted doses of 1.5 x 10'’ ™Na*/cm? 
were consistently determined by the integrated ion 
charges and the measured Na concentration profiles. 

Depth profiling of *Na was performed by means of 
resonant nuclear reaction analysis (RNRA). The use of 
the reaction **Na(p, y)**Mg at E, = 309 keV has been 
fully described in ref. [19], where details of the analysis 
can be found. In the calculation of the depth scale, the 
stopping power for the probing proton beam was taken 
from ref. [20]. The depth resolution was about 1 nm at 
the surface of a sample and about 30 nm at the depth 
of the projected Na range (about 200 nm). Proton 
beams of 30 pA were used; the targets were water- 
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cooled. The y-radiation from the capture reaction was 
detected in a 16 cm diameter X14 cm long Nal(Tl) 
detector shielded by 5 cm of lead. 

Hydrogen profiling by the RNRA technique was 
carried out at the University of Helsinki tandem accel- 
erator EGP-10-I] using a 100 nA °N?* beam in con- 
junction with the 6.385 MeV resonance in the 'H('°N, 
ay)'*C reaction [21]. The use of this sharp (I” = 1.7 
keV [22,23]) resonance made it possible to profile H 
distributions with a depth resolution of about 10 nm at 
the surface and about 30 nm at 200 nm. 

Room temperature irradiation of the samples with 
300-400 keV H* ions to doses of 2x 10'* H*/cm? 
were done during the depth profiling of Na atoms. 
Postirradiations with 1.0 10'’ protons/cm? at 100 
keV were performed at the 100 kV isotope separator 
of the University of Helsinki Accelerator Laboratory. 
The proton beam was swept by an electrical x-y- 
sweeping system to produce a homogeneous implanta- 
tion over a 10 mm diameter area. 

The 30 min isochronal annealings of the samples 
were carried out in a quartz-tube furnace in a low 
pressure atmosphere (< 1 Pa). The evolution of the 
H and Na concentration profiles was studied in the 
temperature range between 20°C and 920°C. Data on 
H chemisorption [24] indicate that hydrogen is released 
from the traps above about 150°C. The annealing be- 
havior of H trapping defects was thus studied by mea- 
suring the hydrogen profiles at room temperature. 


3. Experimental results 


3.1. H profiling prior to any Na implantation 


It is well known that many metals contain large 
quantities of dissolved hydrogen [25]. Previous experi- 
ments showed considerable high H concentrations at 
Ne precipitates in Mo and Ta without any H irradia- 
tion [8,16]. Similar observations were made at Na pre- 
cipitates in Fe, Ni and Mo [17] and led to the conclu- 
sion that the trapped hydrogen came from the bulk. 
First the H concentration in the surface region of 
virgin Cr and Ta samples was measured. The upper 
limit of <0.2 at.% is based on the statistical uncer- 
tainty due to the laboratory background. In addition 
the samples were implanted with protons of 100 keV to 
a fluence of 1.0x 10'’ H*/cm? , but again the H 
concentrations were observed to be below 0.2 at.%. 
For H in Ta this “disappearing” is the consequence of 
the very fast H diffusion at room temperature: the 
preexponential factor is D, = 4.4 x 10~* cm’/s and 
the activation energy is only Q = 0.14 eV [26]. For H in 
Cr in addition a fast interstitial diffusion mechanism is 
expected [27]. 
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Fig. 1. Na profiles in chromium after 250 keV implantation 


and 30 min vacuum annealing at various temperatures 7, 
{28}. 





3.2. Na-implantation with subsequent H-irradiation 


Implantation of 1.5 x 10'’ Na ions at 250 keV re- 
sults in depth profiles with concentration maxima of 
about 8 at.%. As an example fig. 1 shows Na profiles in 
Cr [28] after implantation and different vacuum an- 
nealing steps. In the corresponding figs. 2, 3 and 5, the 
Na profiles are given as solid lines. The measured 
concentration distributions compared to the known 
very low solubilities of Na in Cr and Ta (below 0.1 





J. Keinonen et al. / H decoration of defects by Na implantation 





(at. %) 


Concentration 


pg eee eeePOP%oe, 











"200 
Depth (nm) 


“400 


Fig. 2. Measured H profiles in Ta. The H profiles are for a 

Na-implanted sample (open circles) and the same sample 

annealed 30 min at 597°C and irradiated with 1x10'’ 100 

keV protons /cm? (closed circles). No H was observed in the 

sample after the annealing. The solid line shows the Na 
profile. 


at.%, ref. [29]) suggest a strong damage in the im- 
planted region. 

After Na implantation the H profiles were scanned 
in the region of the implanted Na. In the case of Ta, 
the H profile with a maximum concentration of about 
1.5 at.% was observed overlapping with the *Na pro- 
file (see fig. 2, open circles) After irradiating the Na 
implanted samples with 2 x 10'* 300-400 keV pro- 
tons/cm* used to measure the implanted Na profiles, 
a similar H profile was found in Ta (fig. 2, black dots). 
In Cr the maximum H concentration was higher (4.0 
at.%) and located somewhat deeper than the Na pro- 
file (fig. 3, open circles). 
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Fig. 3. H profiles in a Na implanted Cr sample annealed 30 
min at 727°C and irradiated with about 2 10'* 300-400 keV 
protons /cm? (open circles) and in a sample irradiated with 
1x10'’ 100 keV protons/cm? (closed circles) after the Na 
implantation. The Na profile is shown by the solid line 


3.3. H detrapping and H postirradiation 


Guided by the experiments on H trapping and de- 
trapping at Ne precipitates in Ta [8,16] and on Na 
precipitates in Fe, Ni and Mo [17], we searched for the 
H detrapping temperature of Ta and Cr. For that 
reason, the Na-implanted and proton-postirradiated 
samples were annealed under low pressure (< 1 » Pa) 
for 30 min. Outgassing of hydrogen started at 547°C for 
Ta and at 647°C for Cr, as proven by RNRA. On the 
other hand in Cr no Na is lost before heating up to 
900°C [28]. 

When postirradiating Ta with 1 x 10'’ protons /cm? 
at 100 keV, hydrogen distributions similar to those 
observed after 300-400 keV proton irradiation were 
observed. Post irradiation of the Cr sample with 1 x 
10'’ protons /cm? at 100 keV gave again a maximum H 
concentration of 3.8 at.%, but now the H profile was 
narrower and centered deeper in the bulk as compared 
to the high energy /high dose proton irradiation (fig. 3, 
black dots). 


4. Discussion 


4.1. Formation of Na precipitates 


The formation of solid precipitates in heavy inert-gas 
implantation of metals is well known [1-8] The very 
low solubility of Na in metals [30] suggests that the Na 
implantation produces a supersaturated solid solution 
and hence Na precipitates. In fact, in our previous 
annealing experiments [17,19,28,29], we observed that 
the implanted Na first migrates into the region of the 
highest deposited damage energy from where it dif- 
fuses out of the sample and evaporates at the surface. 
Up to now, Na in Al is the clearest example known 
{19}: the first migration step is accompagnied by a 
narrowing of the Na profile, and the maximum Na 
concentration changes from 8 at.% to more than 12 
at.%. This was explained by the formation of Na pre- 
cipitates which fill up to 45% of the space available 
[19]. In the present experiments the existence of pre- 
cipitates is concluded from fig. 1: at 850°C the Na 
profile in Cr has narrowed and is shifted somewhat 
towards the surface. Fig. 4 shows the results of com- 
puter simulations of the Na implantation into Cr which 
used a realistic stopping power for the ~Na* ions 
based on the recent experimental electronic and nu- 
clear stopping powers for *°Mg [31]. In fact, the simu- 
lated Na depth profile agrees with the “as-implanted” 
depth profile of fig. 1, whereas the maximum of the 
deposited energy (open dots in fig. 4) agrees with the 
center of the Na profile after heating at 850°C. 
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Fig. 4. Computer simulations of the range distribution (solid 
line) and the deposited energy distribution (open circles) in 
the implantation of Na into Cr at 250 keV 


4.2. Defect-hydrogen complexes 


No hydrogen was observed in virgin samples irradi- 
ated at room temperature with 100 keV protons; but 
after the implantation of Na* ions a H profile is found 
which overlaps the Na profile. This fact proves that 
hydrogen from the bulk is trapped close to the Na 
distributions. As an example we present fig. 5, where H 
decorates a Na profile in a Cr sample, annealed for 30 
min at 850°C: the Na profile had already moved to- 
wards the surface and the trapped H atoms are found 
at the same depth. On the other hand, in the as-im- 
planted Na doped samples only a low H concentration 
is found for Ta, none for Cr. Furthermore, the H 
profile in postirradiated Cr (see fig. 3) shows that more 
H is trapped in that region which is less strongly 
damaged during the Na implantation. This implies that 
the high deposited energy in the Na implantation re- 
sults in a strong dynamical annealing of the correlated 
damage. Similar observations were made in the experi- 


Table 1 


Summary of data relevant for the analysis of hydrogen—defect interaction in ion-irradiated Cr, Ta, Fe, Ni and Mo 


Metal 
(crystal 


Activation 
energy of 
H diffusion 
[eV] 
Cr (bec) 7 

Ta (bec) 0.14” 
Fe (bec) 0.11” 
Ni (fcc) 0.41” 
Mo (bcc) 0.77° 


structure) 





Activation 
energy of 
V migration 
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Fig. 5. Hydrogen concentration in a Na implanted Cr sample 
annealed 30 min at 850°C and irradiated with about 2 10'* 
300-400 keV protons/cm*. The Na profile is shown by the 
solid line 


ments on Ne precipitates in Ta [8] and on Na precipi- 
tates in Ni, Fe and Mo [17]. Finally, the presence of 
vacancies can explain the higher H concentrations 
which are observed in Na implanted and H postirradi- 
ated Cr (4 at.%) compared to those in Ta (1.5 at.%). 
Adding the results of ref. [17]: Ni (4 at.%), Mo (3.5 
at.%) and Fe (1.5 at.%) [17] we find two groups of 
metals (Cr, Ni, Mo/Ta, Fe) which differ in their va- 
cancy-migration energies (~ 1.15 eV and ~ 0.7 eV, see 
table 1). Vacancies are thus mobile in Fe and Ta 
during the room temperature H postirradiation. They 
migrate freely through the whole sample and get lost as 
trapping centers at Na. On the other hand, in Cr, Ni 
and Mo vacancies migrate only during the heavy ion 
implantation inside the thermal spike and a consider- 
able amount of them stays trapped at the precipitates. 

NaH formation can be excluded from the H detrap- 
ping experiments. The decomposition-temperature of 
NaH is 797°C [32]. If NaH is embedded in different 
matrices a slight change of this temperature may oc- 
cure, but H detrapping from Na implanted metals was 
observed to start in a very wide temperature range: at 
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647°C in Cr and at 547°C in Ta to be compared with 
327°C (Fe), 97°C (Ni) and 277°C (Mo) [17]. Further- 
more, for Mo [16] and Ta [8] the same type of experi- 
ment was done at Ne precipitates which cannot build 
any chemical compound with H. Comparing the two 
sets of experiments a much better agreement of the 
H-detrapping temperatures is found (NeMo: 227 
NaMo: 277°C and NeTa: 577°C NaTa: 547°C). These 
results rule out a possible NaH-formation and indicate 
that the H traps associated with Na implantation are 
quite similar to those observed after Ne, implantation, 
which were interpreted as vacancies trapped at the Ne 
precipitate / metal interface [8]. 


5. Conclusions 


In the course of the discussion of the present exper- 
iments, similarities between the H trapping at Ne and 
Na precipitates [8,16] were shown for several details 
The advantage of the Ne experiments were the higher 
concentrations of Ne precipitates (28 at.%) and trapped 
hydrogen (20 at.%) which clearly showed that the hy 
drogen profile coincides with the Ne profile, but not 
with the damage distribution. Although the results with 
Ne precipitates favor H trapping at the Ta/precipitate 
interface, a final answer could not yet been given as to 
whether H is trapped at the interface or within the 
precipitate [8,16]. One of the reasons is the missing 
lateral resolution of the RNRA method, despite its 
excellent depth resolution. 

In the present study only much smaller H concen- 
trations are found at Na precipitates. Nevertheless, 
depending on the host metal, H detrapping occurs at 
the same temperature for Na and Ne precipitates 
which hints to a similar H defect—precipitate complex 
in both cases. At higher deposited energy — i.e. during 
the heavy ion implantation — the H trapping defects 
anneal. Applying ion beam techniques supersaturated 
solid solutions of the implants can be achieved. If 
inmiscible compounds are prepared a similar complex 
behavior can probably be expected. 
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Depth profiling of hydrogen isotopes in thin, low-Z films by scattering 
recoil coincidence spectrometry 


J.S. Forster 
AECL Research, Chalk River Laboratories, Chalk River, Ontario, Canada KOJ 1J0 


J.R. Leslie and T. Laursen 


Queen's University, Department of Physics, Kingston, Ontario, Canada K7L 3N6 


The technique for profiling light elements in thin, low-Z foils, by means of a coincidence measurement over large solid angles, is 
demonstrated for hydrogen and deuterium in two separate geometries. A beam of 2.0 MeV *He particles was used to bombard foils 
of (i) evaporated carbon, (ii) evaporated carbon which had been implanted with 10'’/cm? 7.5 keV H* ions and, (iii) evaporated 
carbon which had been implanted with 5 x 10'® /cm? 7.5 keV D* ions. Measurements were made, in the latter two cases, with the 
implanted region facing the beam and away from the beam. Plots of E, versus Ejyp), as well as plots of total energies 
(E,, + Eyyp)) clearly show the H (and D) distributions within the foil. 


1. Introduction depth resolution it is essential that the scattering angle 

be well defined and hence that the detector solid angle 

One traditional method of profiling light elements be small. As a consequence, probe beam intensities 

in heavy substrates employs elastic recoil detection used are sufficiently high that they can radiation dam- 
(ERD) [1]. Unfortunately, in order to obtain good age some materials such as polymers. 


Kinematics for elastic scattering 
of “He (e) off H, D, *He or ‘He ig) 


EEE 2 
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Fig. 1. Kinematics for elastic scattering of ‘He, through an angle @, off H, D, “He or *He which recoils at an angle 
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A new spectrometry, scattering recoil coincidence 
spectrometry (SRCS), proposed by Chu and Wu [2] 
overcomes this problem through the use of detectors 
with solid angles of the order of steradians instead of 
millisteradians. The loss of depth resolution, which 
would normally occur because of the large solid angles, 
is prevented, to a reasonable extent, by a coincidence 
measurement of the scattered-beam particle and the 
recoiling light ion; since this technique relies on the 
difference in stopping power before and after scatter- 
ing, the depth resolution is inferior to that obtained by 
conventional ERD. 

In a previous paper [3], we demonstrated that the 
experimental geometry suggested by Chu and Wu [2] is 
feasible for detecting hydrogen in thin carbon foils. 
Their technique requires two annular silicon detectors 
downstream from a thin foil, in which the recoiling 
light ions (H or D) are detected in coincidence with 
scattered *He ions. In the present work, we have made 
further measurements for hydrogen in carbon as well 
as for deuterium in carbon. 


2. Experiment 


The kinematics showing *He scattering off H, D, 
‘He and *He are shown in fig. 1; after a binary colli- 
sion between a *He ion and an H, D, *He or *He 
target atom the bombarding *He ion goes at an angle @ 
with respect to the beam direction while the recoiling 
atom goes at an angle @. It can be seen from fig. | that 
a careful choice of angles @ and @ makes it possible to 
identify H, D, *He or *He. 

The experimental layout is shown schematically in 
fig. 2. We used the setup that was used in our liquid 
solid interface measurements [4], for which the beam- 
spot size at the target was ~ 0.5 mm as defined by 
upstream apertures. A further aperture, with a 1.5 mm 
diameter hole, was mounted directly in front of the 
target as shown in fig. 2. Two annular surface-barrier 
detectors of 300 mm? active area were used to detect 
coincidences between scattered *He ions and recoiling 


Ta Collimator 


Detector 2 (D) 
ld ss 
| ; 


a 


| | uDetector 2 (H) 








Detector 1 

Target 

Fig. 2. Experimental geometry, drawn to scale, for coinci- 

dence measurements of *He scattering off H or D in thin 
carbon films. 
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D atoms. The detectors had a 6 mm diameter hole 
through their centres with an outer diameter of 19 mm. 
Detector 1, which measured recoiling D atoms, was 
placed ~ 3.5 mm downstream of the target in order to 
subtend an angular range @ from 45° to 66°. Detector 
2, which measured scattered *He ions, was placed 
~ 10.5 mm downstream of the target and subtended 
angles @ between 14° and 35°. 

To profile H atoms, detector 2 was removed and 
replaced by an annular detector with inner and outer 
diameters of 4 mm and 15 mm, respectively. It was 
positioned ~ 20 mm downstream of the target and 
subtended angles @ between 8° and 15°; scattered *He 
ions were then detected in detector 2 and recoiling H 
atoms in detector 1. 

The beam was carefully directed through the cen- 
tres of the two detectors in order to avoid damage to 
them. The aluminum holder which held the target and 
detectors was mounted on a two-axis goniometer with 


x-y translation [4]. With the target and detectors re- 


moved, an insulated aperture with a 2 mm diameter 
hole was mounted at the downstream end of the holder 
and the goniometer was rotated in angle about the 
beam direction and translated in x and y until the 
beam passed cleanly through the 1.5 mm entrance and 
the 2 mm exit apertures. The target and annular detec- 
tors were then replaced in the aluminum holder and 
measurements made 

When measuring *He-H coincidences, the beam 
was kept between 5 and 10 pA which was determined 
by the count rate in detector 2 from *He elastically 
scattered off the carbon substrate; the rate was kept at 
< 7000 counts per second in order to avoid pileup. 
When measuring *He-D coincidences we increased 
the beam current to ~ 25 pA because of the larger 
angles subtended by detector 2 and the consequent 
reduced rate in elastic scattering from the carbon foil. 

Coincidence measurements for *He bombardment 
of the hydrogen implanted foil were made for the 
implant facing upstream and for the implant facing 
downstream. As well, a measurement was made for an 
unimplanted, evaporated carbon foil, to check on 
residual hydrogen in the foil. The hydrogen-implanted 
carbon foil had a thickness of 68 g/cm’ while the 
unimplanted foil was 60 pg/cm* thick. The *He-D 
coincidence measurements were also made with the 
implant facing upstream and with the implant facing 
downstream; the foil thickness was 115 ug/cm?*. Tar- 
get thicknesses were determined from energy-loss 
measurements of alpha particles from a **'Am source 
and the stopping powers of Ziegler et al. [5]; thickness 
uncertainties are estimated to be + 10%. 

Data were collected, event by event, on the Queen’s 
University PDP-15 computer. An event consisted of 
the energy signal from each detector and the time 
correlation between them. The data were analyzed 
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later with the Concurrent Computer Corporation 3230 
minicomputer at Chalk River. During analysis, the 
individual energy spectra, the time spectrum and the 
total energy spectrum, defined as the sum of the ener- 
gies in detectors | and 2 and divided by 2, were 
generated. Two dimensional spectra of total energy 
versus time were generated as well; finally, total-energy 


spectra were generated for windows on the associated 
time spectra, as well as two-dimensional spectra of E, 
versus E, for windows on time and total energy. 


3. Results 


3.1. Hydrogen 


The data for hydrogen profiling are straightforward 
to interpret because the experimental geometry en- 
sures that only *He-H events are in true coincidence, 
as reported previously [3]; in that earlier work [3] we 
showed results for a thin cracked-ethylene carbon foil 
and for the hydrogen-implanted foil with the implant 
towards, and away, from the beam. In the present 
work, we have repeated measurements of the im- 
planted foil and made a measurement of an unim- 
planted, evaporated carbon foil. Somewhat to our sur- 
prise, the unimplanted foil contained a considerable 
amount of hydrogen. 

The three energy spectra for *He-H coincidences 
with a window on “real” time are shown in fig. 3 for (a) 
the unimplanted foil, (b) the foil with the implant 
facing the beam, and (c) the foil with the implant 
facing downstream. The experimental data are shown 
as solid squares. 

We have made Monte Carlo simulations which are 
shown in fig. 3 as crosses. The Monte Carlo calcula- 
tions used the stopping-power values of Ziegler et al 
[5] and experimentally determined cross-sections for 
*He scattering from H [6] and for *He scattering from 
D [7]. For the unimplanted foil, the simulated spec- 
trum has been normalized to the experimental one 
such that they have the same total number of counts; a 
uniform distribution of hydrogen throughout the foil 
was assumed. Inspection of fig. 3a shows that the 
calculations reproduce the data very well. 

The implanted foil data in figs. 3b and 3c are more 
complex because there is a contribution from the hy- 
drogen implant as well as from the residual hydrogen 
in the foil. Monte Carlo calculations were made for the 
implanted region with the hydrogen distribution taken 
from TRIM predictions [8] which give the peak of the 
implanted distribution at 17.6 ~g/cm* below the sur- 
face with a straggle of 4 ug/cm*. The simulated spec- 
tra were normalized to the experimental data at the 
maximum count, i.e. at channel 363 in fig. 3b and at 
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CHANNE | 


65 370 
CHANNE | 


%5 370 
CHANNE | 
Fig. 3. Total-energy spectra, for a window on the prompt time 
peak, for (a) a 60 pg cm? evaporated carbon foil, (b) a 68 
ug/cm* hydrogen implanted carbon foil with the implant 
facing the beam and (c) the same foil as (b) but with the 
implant facing downstream. Experimental data (@ | 
and Monte Carlo simulations (x ———— x) are shown. The 
energy calibration is 5.06 keV /ch 


channel 370 in fig. 3c. Inspection of figs. 3b and 3c 
shows that the position and shape of the implant are 
well reproduced. To fit the experimental spectra prop- 
erly, calculations should be carried out that vary the 
ratio of the amount of residual hydrogen in the foil to 
the amount in the implanted region. 
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Fig. 4. Intensity as a function of E, and E, for 2 MeV *He ions scattered from a deuterium-implanted carbon foil. See text for 
details on the various regions marked A—D. The energy calibration is 22.68 keV /ch 


3.2. Deuterium other scattering processes to occur in real coincidences 


with the two detectors. As an example, the two-dimen- 
sional spectrum of intensity as a function of E, and E, 
with no gating conditions is shown in fig. 4. The region 


The data for deuterium profiling are more difficult 
to interpret because the experimental geometry allows 














E.e= 


Fig. 5. Intensity as a function of E, and E, for 2 MeV ions scattered from a deuterium-implanted carbon foil (a) for the implanted 
region facing the beam and (b) for the implanted region facing downstream. The energy calibration is 11.34 keV /ch. 
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labelled A is the one of interest, namely E+,,. versus 
E,. Regions B and C result from carbon recoils, pro- 
duced by head-on scattering of the beam, which subse- 
quently scatter off carbon atoms in the target. The two 
distinct regions occur depending on whether the pri- 
mary recoil scatters into detector 1 or 2, with the 
secondary recoil being detected in the other detector; 
both cases are kinematically allowed. Region D results 
from a small kinematically acceptable angular range 
for *He scattering off carbon, i.e. *He scattered at 35 
to the beam and detected in counter 2 while the 
recoiling carbon atom is detected at 66° in detector | 
The other regions in the spectrum result from chance 
coincidences between the two detectors. 

When proper windows are set on the “real” time 
peak and on the total energy, the two-dimensional 
spectra of intensity as a function of Es, and E, are 
obtained as shown in fig. 5. Fig. 5a is for the carbon 
foil with the D implant facing the beam while fig. 5b is 
for the implant facing downstream. A clear shift to 
higher energies is observed when the implant faces 
downstream (fig. 5b). This is a result of higher stopping 
powers for the *He and D after the collision as well as 
the longer path lengths for *He and D when the 
collision takes place near the entrance to the foil 

The deuterium implanted foil was checked with the 
D(*He, p)’He reaction with 0.8 MeV *He ions and the 
results are shown in figs. 6 and 7. Fig. 6 shows the 
proton energy spectra obtained with the implant facing 
the beam and with the implant facing downstream. A 
computer program [9] was used to produce the depth 
profiles that are shown in fig. 7; the profiles are given 


as deuterium per carbon atom (in atomic percent) as a 


— ie 
390 900 910 
Lnonne!l 
Fig. 6. Proton energy spectra from the D(*He, p)*He reaction 
for 0.8 MeV *He bombardment of the deuterium-implanted 
foil. Data are shown for the implant facing the beam ( ) 
and for the implant facing downstream (— - 
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Fig. 7. Deuterium concentration versus depth profiles for the 
deuterium-implanted foil extracted from the proton spectra 
shown in fig. 6. Profiles are shown for the implant facing the 
beam (+ ———— +) and for the implant facing downstream 
(a—— 8B) 
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Fig. 8. Total-energy spectra, for a window on the prompt time 

peak, for (a) a 115 ~g/cm?’ deuterium-implanted carbon foil 

with the implant facing the beam and (b) the same foil with 

the implant facing downstream. Experimental data 

(@ ——— 8) and Monte Carlo simulations (+ +) are 
shown. The energy calibration is 5.67 keV /ch. 
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function of depth (in atoms/cm’). Note the poorer 
depth resolution when the implant faces away from the 
beam because of straggling of the “He beam. These 
results agree well with TRIM [8] predictions, i.e. the 
implant peaks at a depth of 19 wg/cm* and has a 
straggle of 4 pg /cm’. 


The total-energy spectra corresponding to the two- 
dimensional spectra of fig. 5 are shown in fig. 8. Also 
shown are Monte Carlo calculations which have been 
normalized to each experimental spectrum such that 
the theoretical spectrum has the same total counts as 
the experimental one. The deuterium distribution was 
taken from the TRIM predictions [8] as mentioned 
above. Inspection of fig. 8 shows that the calculations 
reproduce the data very well. 


4. Discussion 


The data and calculations show that scattering re- 
coil coincidence spectrometry is a powerful method for 
profiling light atoms in low-Z substrates. Very little 
beam current (10-30 pA) is required to make a statisti- 
cally significant measurement in a reasonable amount 
of time (10-60 min). 

From the spectra shown in figs. 3 and 8, it is 
possible to estimate the depth resolution for H and D 
in thin (50-125 pg/cm*) carbon foils. Since SRCS is a 
combination of Rutherford scattering and ERD it is 
reasonable to use the same criteron for depth resolu- 
tion as that used in backscattering spectrometry [10], 
namely that the depth resolution 5x is defined by the 
energy width 5E between the positions at 12 and 88% 
of the full height of a signal that corresponds to an 
abrupt change in sample composition and the relation- 
ship 
8x =8E/[s], (1) 
where [s] is the energy loss factor; since the rate of 
energy loss in carbon is higher for *He than for H and 
D, we use the energy-loss factor for *He in carbon. 


This relation results in a depth resolution, for profiling 
H or D in carbon by SRCS, of 20-30 pg/cm’ 
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(~ 1000-1200 A) based on the spectra shown in figs. 
3b, 3c and 8. 

To estimate the sensitivity limit for determining the 
deuterium content in carbon we note that the average 
area of the spectra shown in fig. 8 is 1000 counts and 
that the measurement took one hour at the maximum 
beam current permissible. The implanted dose was 
5x 10'° atoms/cm? of deuterium. If a total of 100 
counts is considered reasonable, i.e. + 10% uncertainty 
because of statistics, and as much as four hours is 
allowed for data accumulation then a sensitivity limit 
of = 10° atoms/cm? D is obtained for this particular 
geometry. 

In conclusion, we have shown that the scattering 
recoil coincidence spectrometry technique of Chu and 
Wu [2] is indeed a viable technique for profiling light 
elements in thin, low-Z films where beam currents 
must be kept quite small to avoid radiation damage to 
the sample. 
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Determination of boron using the B( a, p)C nuclear reaction at incident 
energies near 3 MeV 


L.C. McIntyre, Jr., J.A. Leavitt, M.D. Ashbaugh, Z. Lin and J.O. Stoner, Jr 


Department of Physics, University of Arizona, Tucson, AZ 85721, USA 


A technique for determining boron content of thin films using the Bla,p)C reaction on both isotopes of boron is described. An 
incident alpha energy near 3 MeV is used and emitted protons are detected at 135° lab angle. A thin film containing a known areal 
density of boron is required for calibration. A comparison is made between this method and conventional elastic scattering of 


*He* ions for boron determination in thin films containing heavy elements or backings. We also present relative yield data on 
protons from the '’Bla,p)'*C and ''Bla,p)'*C reactions at 135° lab angle between 1.4 and 3.3 MeV 


1. Introduction 


Nuclear reaction analysis (NRA) has been exten 
sively used to determine boron concentration in thin 
films and surface layers of bulk materials. This tech 
nique is more effective than standard elastic backscat- 
tering using *He ions, since boron’s low Z and small 
mass results in a small yield of low energy scattered 
particles whose signals usually overlap those from 
heavier elements in the film or backing. An additional 
problem with *He backscattering measurements has 
been the uncertain elastic scattering cross section, even 
for incident alpha energies below 2 MeV [1]. 

A variety of nuclear reactions have been used in the 
analysis of boron. Materials analysis experiments ob- 
serving emitted gamma rays have used the '' B(p, y)'*C 
reaction near a resonance at 163 keV [2] and the 
"Bla, py)'°C reaction at 2.4 MeV [3] and 3.5 MeV [4]. 
Experiments observing outgoing charged particles have 
used the '’B(d, p)''B reaction at 2.7 MeV [5] and 1.47 
MeV [6], the ''B(p,a)*Be reaction near the 163 keV 
resonance [7-9] and at 660 kev [10], the '’Bla, p)'°C 
reaction near a resonance at 1.5 MeV [6] and at 2.67 
MeV [11], and the ''B(a,p)'*C reaction at 2.67 MeV 
[11]. Reactions involving neutrons include the 
B(n, a)’Li reaction [12,13] and the '’B(p,n)'’Be re- 
action [14]. An overview of the general techniques of 
nuclear reaction analysis and lists of appropriate reac- 
tions for specific nuclides can be found in ref. [15—18]. 

We have found the 'B(a,p)°C and ''Bla,p)'*C 
reactions to be particularly useful in quantifying the 
boron content of multilayer thin films (10-100 nm 
thick) used in soft X-ray optics applications [19]. In this 
paper we will describe the implementation of this 
technique. In addition, we present measurements of 
the relative yield of protons from the "Bla, p)'°C and 
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‘Bla, p)'*C reactions at incident energies between 1.4 
and 3.3 MeV at a laboratory angle of 135°. A compari- 
son will be made between *He backscattering and the 
Bla, p)C reactions in determining the boron content of 
thin films. 


2. Experimental 


Beams of *He* ions were obtained from the Uni- 
versity of Arizona 5.5 MV CN (High Voltage Engineer- 
ing Corp.) Van de Graaff accelerator. A large area 
(450 mm*) surface barrier detector was added to a 
standard backscattering setup [20] to detect protons 
from the (a,p) reaction. The detector was located 40 
mm from the target at an angle of 135°. The angular 
acceptance was 135+17° and the solid angie sub- 
tended is about 0.3 sr. The detector was covered with a 
25 um Mylar foil to stop backscattered alpha particles. 
This is the same arrangement used in our previous 
work involving the *'P(a,p)*S [21] and the 
F(a, p)**Ne [22] reactions. The absolute uncertainty 
in the beam energy is estimated to be 5 keV and the 
beam energy spread is estimated to be less than 0.5 
keV. Standard electronics and a multichannel analyzer 
were used to obtain energy spectra of emitted protons. 

Fig. 1 shows a proton spectrum obtained with a self 
supporting 20 yg/cm’ natural boron target bom- 
barded with 3.0 MeV *He* ions. The highest energy 
peak is due to the '’B(a,p,)'°C reaction which has a 
Q value of +4.063 MeV. The other peaks are due to 
the ''Bla,p,)'*C reaction and the '’Bla,p)'°C reac- 
tion leaving °C in excited states. The width of the 
peaks is almost entirely due to the large angular accep- 
tance of the proton detector. The isolation of the 
Bla, p,)'*C proton peak and its extremely low back- 
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Fig. 1. Energy spectrum of protons from the '’B(a,p)'°C and ''B(a,p)'*C reactions using a 20 ~g/cm? (84 nm) self-supporting 
natural boron target. The incident alpha energy was 3.0 MeV and the lab angle was 135°. Positions of protons leaving '*C in the 
ground state and '*C in the ground and several excited states are indicated. 
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Fig. 2. Relative yield of protons from the '°B(a,p,)'°C reac- 
tion at a lab angle of 135° as a function of incident alpha 
energy 


ground make it an attractive feature for boron analysis 
even though natural boron contains only 20% '’B. For 
total boron determination we assume natural isotopic 
abundance in both unknown and calibration samples. 
Figs. 2 and 3 show relative proton yield from the 
Bla, p,)'°C and ''Bla,p,)'*C reactions from 1.4 to 
3.3 MeV incident energy. The target described above 
was used and data were taken in 25 or 50 keV steps. 
The energy loss of the beam in the target varied from 
40 keV near 1.4 MeV to 20 keV near 3 MeV. The 
'' Bla, py)'*C yield includes the overlapping signal from 
the '’B(a, p,)'°C peak which we believe to be small [5]. 
Another possible contributor to this peak is the 
'°B(a,d)'*C reaction [23]. These results are in reason- 
able agreement with previous nuclear physics experi- 
ments [23-28]. An advantage of the '’B(a, p,)'°C reac- 
tion for boron analysis is the isolation and low back- 
ground of the proton peak as mentioned above; how- 
ever, the peak containing the ''B(a,p,)'*C yield may 


also be used for thin films if the peak is completely 
resolved as in the case shown in fig. 1. This reaction 
has considerably higher yield, therefore greater sensi- 
tivity. Of course, both peaks are present in a given 
spectrum and both may be used. 

The main features of the '°Bla,p,)'°C excitation 
function are resonant behavior near 1500, 2300, and 
3000 keV. Only the resonance near 1500 keV is narrow 
enough for depth profiling, however its width of about 
25 keV results in rather poor surface depth resolution 
of about 100 nm [6]. Better depth resolution can be 
obtained using the 163 keV resonance in the 
''B(p,a)*®Be or ''B(p, y)'*C reactions [2,7-9] or the 
!OB(n, a)’ Li reaction [12,13]. We limit ourselves in this 
paper to total boron determination in thin films. 

We chose the region of relatively large and constant 
cross section near 3000 keV for boron analysis. The 
relative proton yield from both isotopes is approxi- 
mately constant over the energy range 2950 to 3050 
keV. This 100 keV range corresponds to a thickness of 
about 500 nm in either boron or silicon. The region of 
roughly constant cross section is actually much greater 
in the ''B case as can be seen in fig. 3. Use of the 
larger peak near 2300 keV for the '°B reaction or the 
peaks near 2600 keV or 3200 keV in the ''B reaction 
would increase the sensitivity, but would complicate 
the analysis because of the rapidly changing cross sec- 
tion. A previous study used the Bla, p)C reactions to 
investigate boron in thick steel samples at an energy of 
2.67 MeV, just above the resonance near 2600 keV in 
the ''B reaction [11]. 


3. Results 


In this section we will compare the determination of 
boron in thin films by *He backscattering and NRA 
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Fig. 3. Relative yield of protons from the combined '' B(a,py)'*C and "Bla, p,)'°C reactions at a lab angle of 135° as a function of 
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Fig. 4. Energy spectrum of backscattered (170.5° lab angle) 1892 keV *He* ions from a two-layer thin film containing 15 nm of Ag 
on a Si backing with about 12 nm of boron on top. 
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using the Bla, p)'*C and '' Bla, p)'*C reactions at 3.0 
MeV. Fig. 4 shows the backscattered spectrum of 1892 
keV *He* ions from a two-layer film consisting of a 15 
nm Ag film on a Si backing with an overlayer of about 
12 nm of boron. The boron peak is barely distinguish- 
able on top of the Si signal and only a rough estimate 
of boron content is possible from these data. In sam- 
ples with crystalline backings, the backing can be 
aligned for channeling to increase the sensitivity to 
boron [6]. 

Another backscattering technique we have used for 
boron is to use a carbon backing and a thick under 
layer of Ag to suppress the carbon edge below the 
position of the boron peaks. Fig. 5 shows a backscatter 
ing spectrum of 1892 keV *He* ions from a carbon 
backed film consisting of 320 nm of Ag with about 44 
nm of boron on top. The boron peaks are visible, 
however the background is high and the boron content 
cannot be determined to better than about 10%. This 
technique is not generally applicable since it requires 
specially designed targets. As mentioned in the intro- 
duction, another problem with analyzing *He‘ 
backscattering from boron has been the uncertainty in 
the cross section. We have recently reported measur- 
ments of the elastic scattering cross section of *He* 
from both isotopes of boron at 170.5° lab angle from | 
to 3.3 MeV [1]. 

In order to use the 'Bla,p)'C and/or the 
''B(a,p)'*C reactions for determination of boron in 
samples like those mentioned above, it is necessary to 
calibrate using a thin film with a known boron content. 
We used, for this purpose, several self-supporting natu- 
ral boron targets with nominal areal density of 10'* 
atoms/cm? (about 20 wg/cm’). The areal density of 
these films was determined to about 5% as a result of 
our elastic scattering cross section measurements; the 
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scattering from both isotopes was assumed to be 
Rutherford at 170.S5° lab angle in the energy range | to 
1.3 MeV [1]. 

Using these targets, and an incident *He* energy of 
3.0 MeV, we determined the number of protons de- 
tected per wC beam charge per atom/cm? of boron in 
the sample for our particular geometry. This calibra 
tion allowed us to determine total boron areal density 
in thin films containing heavy elements or backings to 
an accuracy between 7 and 10%. The areal density 
(Nt) of boron in an unknown thin film is given in units 
of 10'° atoms/cm? by the formula 


Nt = K X (proton counts /pC beam charge), 


where K is a constant depending on geometry. In our 
case, K was determined to be 6.0+0.5 for the '°B 
reaction and 1.1 + 0.1 for the ''B reaction. The proton 
spectra from the silicon and carbon backed samples 
with Ag layers used in the elastic scattering experi- 
ments mentioned above are essentially identical in 
character to that shown in fig. | 

Although we devised this technique for use with 
10-100 nm thick boron films, it could be used to 
determine boron in thinner or thicker films of other 
elements containing boron as an impurity or implant. If 
we take as a minimum required signal | proton count 
per uC beam charge, the corresponding boron areal 
densities for our geometry are 6 x 10'° atoms/cm? for 
the '’B reaction and 1.1 x 10'°atoms/cm?* for the ''B 
reaction. These areal densities represent a 1% and 
0.2% boron content,respectively, in a 100 nm Si film, 
and is an indication of the relatively poor sensitivity of 
this technique in this energy range. 

An advantage of the (a,p) reaction is that it has a 
negative Q value for many common contaminant and 
backing elements, e.g. carbon, oxygen, and silicon, 
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Fig. 6. (a) Energy spectrum of backscattered (170.5° lab angle) 3000 keV *He* ions from a Pd(32 nm)/B(96 nm) thin film with a 
Si(4 nm) cap on a Si substrate. The collected charge was 50 wC. (b) Energy spectrum of protons (135° lab angle) taken 
simultaneously with the alpha spectrum of fig. 6a 
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which therefore do not produce interfering signals 
Another advantage of this reaction is that its imple- 
mentation is easily adapted to a standard RBS experi- 
mental setup. It simply requires addition of a large 
area surface barrier detector which can be operated 
simultaneously with a *He backscattering measure- 
ment. In fact, many of the measurements of proton 
yield presented here were taken simultaneously with 
elastic scattering measurements at 170.5° lab angle [1] 
An example of simultaneous *He backscattering and 
NRA data accumulation is given in fig. 6 which shows 
the alpha and proton spectra from 3000 keV *He* 
bombardment of a Pd /B thin film. 

In conclusion, we have described a simple and effi- 
cient method for determining the boron content of thin 
films using the Bla,p)C reaction on both isotopes of 
boron near 3.0 MeV incident energy. A typical applica- 
tion of this technique on a Pd/B or Ag/B multilayer 
on silicon results in simultaneous determination of the 
boron areal density from observation of emitted pro- 
tons and determination of the Pd or Ag areal density 
from observation of backscattered alpha particles. Us- 
ing a 100 nA beam of 3 MeV *He*, the boron areal 
density can be determined to about 10% and the Pd or 
Ag areal density can be determined to about 4% in less 
than 10 min. A boron film with known areal density is 
required for calibration. 
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Some studies on nuclear methods for boron determination 


A.E. Pillay and M. Peisach ' 
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A summary of some studies of nuclear methods for the low-level determination of boron is presented. Since there is always 
need for an interference-free method, the study provides an impartial insight into the relative analytical capabilities of the methods 
of interest following intensive investigations in this area over prolonged periods. Of particular interest is the role played by 
interfering components such as carbon, nitrogen and oxygen which are invariably present in major concentrations in most sample 
matrices. A critical evaluation of the analytical potential of prompt, delayed and coincidence procedures is provided with emphasis 
on selective activation for boron in the presence of major interferences. Some future possibilities are proposed, and typical 
applications of the relevant methods for operation under routine conditions are discussed. 


1. Introduction 


The current demand for the determination of boron 
at all levels is widespread. The element occurs as an 
impurity in steels, as a major component in glass, as a 
thermalising agent in nuclear reaction materials, as a 
detecting system for neutrons, and as an important 
part of semiconductor devices. However, the main dif- 
ficulty in the determination of boron is the serious 
problem of interference which arises mainly from the 
presence of carbon, nitrogen and oxygen in the sample 
matrix. These interferences are commonly present in 
major concentrations. Interference-free methods for 
such applications are, therefore, much sought after. 
Over the past few years a variety of nuclear methods 
(for this purpose) have been investigated at the Univer- 
sity of the Witwatersrand and the National Accelerator 
Centre. This paper provides a comprehensive and criti- 
cal view of the relative analytical potential of each 
method together with an overall evaluation of their 
individual merits and limitations for applications on a 
routine basis. 


1.1. Gamma-—beta coincidence spectrometry 


This approach is particularly rapid and sensitive 
with proton irradiation and provides a unique method 
of monitoring boron at levels below 100 ppm [1]. It 
utilises the delayed mode in combination with weak 
decay cascades and is of especial significance as it 
works well in the presence of intense short-lived back- 
ground from the matrix. A typical application is the 


' National Accelerator Centre, P.O. Box 72, Faure, 7131 
South Africa. 


detection of boron contamination in high purity alu- 
minium. It was found that deconvolution of the 20 min 
decay from ''B(p, n)''C is almost impossible in the 
presence of oxygen which produces the 10 min 'N 
half-life through the reaction '°O(p, a)'*N. In addi- 
tion, the 19s '°C half-life from '’B(p, n)'°C is strongly 
swamped by the intense 4s decay of *’Si from the 
aluminium matrix produced by the reaction 7”Al(p, 
n)*’Si. This impasse prompted the coincidence ap- 
proach which uses the 717 keV y-ray (98.3%) and beta 
energies in excess of 1 MeV from '°C. Lower-energy 
betas from '°C and 'N can be excluded by the use of 
an appropriate absorber. Fig. 1 reproduces the pulse 
height spectrum recorded with the use of a Nal(TI) 
detector for a 1 min irradiation. The figure shows that 
in cases where intense annihilation radiation occurs 
from activation of the matrix the sum peak (717 + 511) 
keV could alternatively be employed for analytical pur- 
poses. 


1.2. Delayed gamma-ray spectrometry 


The technique can be of great value in the absence 
of lithium impurities and is attractive because of its 
simplicity. It has been used [2] (with 10 MeV protons) 
for measuring boron impurities in steel where the 
lithium contamination was estimated to be negligible. 
Proton activation with high beam currents leads to the 
prolific production of the 478 keV y-ray from 
B(p, a)’ Be (Q = 11 MeV). Of significance to analysts 
is that the 53 d half-life resulting from the decay of ’ Be 
offers the merit of extended off-line counting for the 
attainment of better detection limits. However, the 
method fails in the presence of lithium contamination 
which (in some cases) tends to occur concomitantly 
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Fig. 1. Pulse height spectrum of gamma rays in coincidence 
with betas from '°C emitted by a target of Al + 0.038% B 
irradiated by 8 MeV protons. The background drops off 
exponentially with energy as can be seen from the straight line 
across the logarithmic histogram. The shaded regions repre- 
sent events due to the decay of the 717 keV state in '°B and 
the sum peak at 717+511 keV due to true coincidences 
between a '°B gamma and one annihilation photon. The 
unshaded peaks are due to 511 keV annihilation and 511+ 511 
keV sum coincidences respectively. The arrows show spec- 
trum calibration points at 717 and 1228 keV. 


with boron. Under these conditions the interference 
from the reaction °Li(p, n)’Be (Q = — 1.7 MeV) pre- 
sents an impasse which is impossible to resolve. 


1.3. Prompt gamma-ray spectrometry 


1.3.1. p, d and a@ activation 

Protons, deuterons and alphas are the most popular 
projectiles used for charged particle activation. How- 
ever, this particular area is beset with interferences 
and one way to approach the problem is indirectly by 
examining the level of interference rather than that of 
the element of interest, as a means of evaluating the 
strength of the interfering signal. Extensive studies 
[3-5] based on monitoring nuclear reactions from 
lithium, carbon, nitrogen and oxygen clearly demon- 
strate that interferences can be obviated by selective 
activation. Table | presents the possible interferences 
with the most likely boron reactions. The reactions 
marked with an asterisk are ones that can possibly be 
attained under interference-free conditions with a small 
accelerator (e.g. 5 MV Van de Graaff) if the activation 
proceeds below the energy threshold of the interfer- 
ence. Of these reactions of interest, the most eligible in 
the case of proton activation is Coulomb excitation of 
'©B especially as the levels in this nucleus are compara- 
tively low-lying (first excited state [6]: 718 keV). How- 
ever, the proximity of the 718 keV line to the 511 keV 
annihilation radiation tends to produce undesirable 
background problems. With alphas, Coulomb excita- 


tion is indeed feasible but yields would evidently suffer 
if the activation proceeds below the energy threshold 
of ’Li(a, n)'’B. Of the remaining reactions with alphas 
the one leading to '‘C is theoretically feasible but the 
high-lying levels in '*C (first excited state [6]: 6.1 MeV) 
compromises the detection efficiency. '’B(a, n)'*N is 
safest although it has been shown [4] that in the pres- 
ence of magnesium the first escape peak from the 2839 
keV gamma-ray originating from *Mg(a, n)**Si may 
interfere. With deuterons, the reaction 'B(d, n)''C 
looks attractive theoretically but deuteron activation is 
usually not profitable mainly because of increased 
backgrounds resulting from neutron production. Over- 
all, there are many such subtle factors (apart from the 
gross problem of interference) associated with nuclear 
phenomena in this area, which tends to restrict this 
approach and thus makes it unattractive for practical 
purposes. 


1.3.2. 7He activation 

‘He is rarely used for activation mainly because of 
the complexity of the reactions with the matrix. How- 
ever, this drawback can be turned to advantage when 
the exceptionally exoergic nature of "He beams with 
boron is considered. This particular factor led to a 
detailed study [7] of light elements, some of which were 
assessed as sources of potential interferences. Interfer- 
ence-free y-rays having practicable yields and energies 
of 418, 718 and 1022 keV were observed with corre- 
sponding sensitivities of 9, 2 and 15 mg/(gm C), re- 


Table 1 
Possible interferences with boron during p, d and a activation 





Reaction of Q value 
interest [MeV] 


Interfering Q value 
reaction [MeV] 


2O(p, DC —23.5 
M4N(p, a)''C -2.9 
’Li(p, n)’ Be —16 





« Bip, n)'°C —4.6 
"Bp, n)''C —2.8 
B(p, a)’ Be 1.1 
"Bip, a)* Be 8.6 . 
B(p, p’)'°B - 3C(p, a)'°B —4.1 
"Bip, p’)"'B - SC(p,*He)"'B —31.2 


Ba, n)'N 2a, )N —4.1 
"Bla, n)'*N 4N(a, a’)'*N - 
Bla, p)?C BO(a, a’)?C 

"Bla, p)*C 80(a, *He)*C 

Bla, a’) B *Li(a, n)'°B 

"Bla, a’)"'B ’Li(a, y)''B 


Bid, n)''C J Zod, yc 
"Bid, n)?C M4N(d, a)'*C 
Bid, p)''B BO(d, a)''B 
"Bid, p)'?B Bcd, )"B 
Bid, a)*®Be 7 

"Bid, a)’ Be ’Li(d, y)’Be 
B(d, d’)'’B 2O(d, a)'’B 
"Bid, d')"'B 3C(d, a)''B 
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spectively. These lines originated collectively from the 
pick-up reaction ''B(*He, a)'°B and Coulomb excita- 
tion of '°B. A thorough evaluation of the analytical 
capabilities of this approach revealed that the peak-to- 
background ratios of the above lines were adequate to 
demonstrate that the method is potentially useful for 
the quantitative analysis of boron at all levels. Interfer- 
ence from the weak interaction ’Li(*He, a)'°B was 
ignored. 


1.4. Charged particle spectrometry 


This approach is a variant of the *He/prompt y 
technique above and represents a relatively unexplored 
territory. Here again, the technique exploits the highly 
exoergic nature of the reactions: '’B(*He, p)'*C (Q = 
19.7 MeV), '°BCHe, a)°B (Q = 12.1 MeV), ''BCHe, 
p)?C (Q=13.1 MeV) and ''BCHe, a)'’B (Q =9.1 
MeV). This factor formed the basis of a study [8] which 
led to the production of unique charged particle groups 
emitted from the relevant intermediate nuclear forma- 
tions. The investigations, which included similar stud- 
ies on C, N and O, revealed unambiguously that this 
technique is perhaps ideal for boron analysis at all 
levels. The uniqueness of the measured charged parti- 
cle groups provides complete immunity to matrix ef- 
fects and the advantage over the *He /y method above 
is that backgrounds are very much reduced. Its applica- 
bility was examined by detecting boron contamination 
(trace and minor levels) in high purity metallurgical 
matrices and the results obtained were highly satisfac- 
tory, which makes the technique suitable for general 
applications with a small accelerator. 


1.5. Neutron activation 


The high o(n, a) for '°B (~ 4000 b) would have 
rendered this technique pre-eminently suitable for the 
routine analysis of boron. However, the reaction 
B(n, a)’Li does not lead to a radioactive product 
and, therefore, activation with neutrons combined with 
delayed y-spectrometry fails. Not all is lost, however, 
because the prompt y-rays from ’Li can be monitored, 
particularly the 478 keV line corresponding to the first 
excited state of this nucleus. The problem encountered 
though is the damage inflicted on the y-ray detector by 
the neutron flux. Such damage can be quite consider- 
able if the flux is high and this particularly adverse 
factor, therefore, does not make the method worth- 
while. As a compromise, isotope sources with low fluxes 
could be employed for such purposes. However, in the 
study [9] where a 1 pg **Cf source was used to 
irradiate ore samples containing between 100 and 200 
ppm of boron it was found that the flux from the 
source was inadequate to provide useful information, 
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which renders this approach unsuitable for practical 
purposes. 

Another approach [10], which is somewhat crude 
but was adopted as a feasibility study, was based on 
neutron absorption which essentially represented a 
variant of the Beer—Lambert law. A suitable BF, neu- 
tron detector was employed to monitor to original flux 
from a 1 pg **Cf source and subsequently the flux 
depression (due mainly to boron) when a sample was 
interposed. The problem encountered here was wide 
neutron scattering into the detector which led to seri- 
ous statistical fluctuations in the recorded data. The 
technique is open to refinement though, if the scatter- 
ing can be suppressed by application of suitable colli- 
mation. However, collimation itself tends to be prob- 
lematical because of the high penetration of neutrons. 


1.6. Future possibilities - B* spectrometry [1] / Cheren- 
kov counting [11] 


The reaction '’B(*He, n)'*N (Q = 1.6 MeV) pos- 
sesses great potential for this particular approach. One 
of two modes can be adopted. Since '*N emits 16.4 
MeV betas (the highest recorded B* energy on the 
chart of radionuclides) they can be uniquely monitored 
by the use of an appropriate absorber (possibly Al) to 
exclude low-energy betas and Compton electrons, and 
a scintillator thick enough to stop the transmitted '*N 
betas. For the analysis of boron the B* counting tech- 
nique, therefore, offers the prospect of being a rapid 
and ultrasensitive method that is immune to matrix 
and background effects. 

The second approach entails a variation of the 
above by monitoring the Cherenkov radiation, pro- 
duced by '*N betas in a suitable absorbing medium, 
with a simple photomultiplier tube. Here again Comp- 
ton electrons and low-energy betas can be excluded as 
described above. This latter technique, however, offers 
the distinct advantage of a range of fluorescent ab- 
sorbers that command good yields and short time con- 
stants. 


2. Conclusion 


Of the different approaches described here for the 
unique determination of boron in the presence of 
recalcitrant interferences, perhaps the best suited for 
most practical purposes is the *He/charged particle 
method. If offers the merit of a completely interfer- 
ence-free procedure and enjoys highly reduced back- 
grounds. The gamma-—beta coincidence method, on the 
other hand, cannot be ignored because it is rapid as 
equally as it is sensitive. An interesting extension to 
this area of interest would be consideration of the 
proposed B* spectrometry and Cherenkov counting. 
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The structure and composition of plasma nitrided coatings on titanium 


H.J. Brading, P.H. Morton and T. Bell 


School of Metallurgy and Materials, The University of Birmingham, Birmingham B15 2TT, UK 
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Titanium nitride layers on titanium metal have been produced by glow discharge plasma nitriding in nitrogen gas and the 
structure and composition of the layers has been investigated as a function of gas pressure and substrate temperature. Plasma 
nitriding is used as a surface treatment to improve the wear resistance of titanium alloys. The development of precise analytical 
techniques plays an important role in gaining a clearer understanding of the mechanism and kinetics of the coating formation. 
Light element analysis has been carried out using RBS and NRA and nitrogen concentration depth profiles obtained to a depth of 
4-5 um. The extent of oxygen contamination was measured using NRA and electronprobe microanalysis (EPMA). X-ray 
diffraction (XRD) was used to investigate the degree of preferred orientation in the coatings and also provide information on the 
amount of various nitride phases (TiN, Ti,N) present in the coating. 


1. Introduction 


Titanium alloys have the inherent advantages of 
light weight and high strength. However since their 
tribological behaviour is characterised by a high coeffi- 
cient of friction and poor wear resistance, their useful- 
ness in many engineering applications is impaired. Re- 
cently a variety of surface engineering techniques have 
brought about improvements in these parameters [1,2] 
by the production of a hard surface coating of titanium 
nitride. Such protective coatings are being used in- 
creasingly on many industrial components — for exam- 
ple cutting tools and aeroengine turbine blades. 

The glow discharge or plasma nitriding process [3] 
makes use of an abnormal glow discharge [4], which is 
associated with high current and charge densities. The 
components to be nitrided are electrically isolated and 
placed or suspended in a vacuum furnace which is 
evacuated and back filled with the treatment gas. A dc 
voltage is then applied between the components 
(cathode) and the furnace walls (anode) and the poten- 
tial difference ionises the treatment gas producing a 
glow discharge. Positive ions in the treatment gas are 
accelerated towards the negatively connected compo- 
nents and hit the surface with high kinetic energy 
giving rise to sputtering of the surface, and heating of 
the components. In the plasma nitriding of titanium 
[5,6], nitrogen ions and/or accelerated neutral nitro- 
gen atoms impinge on the surface and react to form a 
nitrogen rich film which results in both the formation 
of a compound nitride layer on the surface (8-TiN and 


e-Ti,N phases) and the diffusion of nitrogen into the 
substrate. This has the effect of providing the titanium 
with a hard surface coating which adheres well to the 
substrate. 

In order to produce titanium nitride coatings tai- 
lored to specific engineering tasks, it is necessary to 
characterise the coatings in terms of structure (thick- 
ness) and composition, as this allows for the optimiza- 
tion of the process parameters on which these depend. 
In this paper a number of surface analysis techniques 
have been applied to the characterisation of titanium 
nitride coatings which have been plasma nitrided with 
different substrate temperatures and plasma pressures. 
Nitrogen concentration profiles were measured to 
depths of 4 to 5 um, the oxygen concentration in the 
coatings was investigated and the nitride phases pre- 
sent were identified. 


2. Experimental procedures 


A number of analysis techniques were used on the 
coatings in order to characterise different aspects of 
their structure. 


2.1. Nitrogen concentration profiles 


RBS and NRA experiments were carried out using 
the 3 MV Dynamitron accelerator at the School of 
Physics and Space Research in the University of Birm- 
ingham. Alpha particle backscattering was used to ob- 
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tain high resolution (~ 0.01 ym) depth profiles of 
nitrogen in the first micron of the coating and the 
'*N(d, p)"°N nuclear reaction was used to investigate 
nitrogen to a depth of 4 to 5 um, which included the 
nitrogen diffusion zone. RBS measurements were car- 
ried out using 2.0 MeV normally incident a-particles 
together with a 100 um depletion-depth silicon surface 
barrier detector (collimated to 2.5 x 10~* sr) placed at 
150° to the incident beam direction. Data were accu- 
mulated for a total incident charge of 4 »C. The NRA 
measurements [7] involved the use of 1.1 MeV nor- 
mally incident deuterons together with a similar detec- 
tion system placed at 150° to the incident beam direc- 
tion (data were accumulated for a total incident charge 
of 150 uC). Scattered deuterons were eliminated from 
the detector by the use of a 12 4m aluminium absorber 
foil. The NRA experimental conditions were chosen so 
as to allow detection of protons from the '°O(d, p,)'’O 
reaction as well as from the nitrogen (d, p) and (d, a) 
reactions. The experimental data were analysed using 
computer codes developed at the School of Physics and 
Space Research [8] and cross sections taken from the 
compilation of Jarjis [9] and the following references 
contained therein [10-12]. 


2.2. Oxygen concentration measurements 


Electron probe microanalysis measurements were 
carried out on a JEOL-JXA-840A (MODEL AN 10000 





o a’ 


100 140 180 220 260 
CHANNEL NUMBER 


ZAF /4) electron probe microanalyser linked to a com- 
puter (Link Systems series 2 model 500 System running 
SPECTA ZAF-4/FLS Software). The electron micro- 
probe analyser, which was run in wavelength dispersive 
mode (WDX) with an LDE, diffracting crystal, was 
used to measure the oxygen concentration in the first 
micron of the coatings. Measurements were made at 
several positions on each coating where the layer dif- 
fered in colour. Counts were measured for the central 
channel of the oxygen Ka X-ray peak for 100 s and for 
50 s at positions either side to account for background 
continuum radiation. These were compared to similar 
measurements made on a standard SiO, sample. The 
beam size was about | ym in diameter and had a 1 pm 
penetration depth [13]. A probe voltage of 10 kV and a 
current of 1 x 10~’ A were used. The '°O(d, p,)'"O 
reaction was also used to obtain an upper limit of the 
oxygen concentration (averaged over the first 4 to 5 um 
of the coating) by comparing the oxygen p, peak height 
with the nitrogen p, , peak height and adjusting for the 
difference in reaction cross section for these peaks. 


2.3. X-ray diffraction measurements 


XRD analysis, which was carried out on a Phillips 
PW 1050 X-ray spectrometer, linked to a BBC Master 
computer, using unmonochromated Co Ka radiation, 
was used to obtain information about the nitride phases 
present in the coatings. The specimens were scanned 
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Fig. 1. RBS spectrum from sample | and the simulation used to obtain a nitrogen depth profile of the first micron (see fig. 3). Two 
small surface peaks corresponding to iron and copper can also be seen. (The energy width of the channels is 3.60 keV.) 
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for 20 angles between 30° and 100° and the resulting 
X-ray diffraction peaks were identified using the 
JCPDS powder index files. 


2.4. Analysis of RBS and (d, p) spectra 


Fig. 1 shows the a-particle RBS spectrum obtained 
from sample | together with a simulation generated 
from an assumed nitrogen profile in the titanium. The 
process of producing a simulation is iterative. An initial 
nitrogen depth profile, in the form of titanium and 
nitrogen number densities changing with depth, is used 
to simulate the RBS curve; this is compared with the 
raw data, and the simulation is then changed by alter- 
ing the nitrogen depth profile until a good match 
between simulation and raw data is achieved 

The emitted particle energy spectrum resulting from 
deuteron bombardment of sample 4 is shown in fig. 2. 
The choice of results for analysis by simulation was 
limited to the nitrogen p, , peak as this was free from 
interference due to other peaks and cross section data 
for the reaction was available at this angle. The cross 
section used was that for the summed p, and p, 
groups. 

The depth scale for this type of analysis depends on 
how well the absolute number densities of the ele- 
ments within the coating are known. The number den- 
sities of the compounds TiN and Ti,N and of the 
a-titanium substrate were known [14], and for composi- 
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tions between these ratios of Ti: N it was assumed that 
the Ti and N number densities changed linearly. It is, 
however, frequently found that thin films have densi- 
ties which differ significantly from that of the bulk 
compound [15]. The effect of this would be to increase 
the thickness of layers with a lower number density. 


3. Sample investigated 


All of the coatings investigated were produced by 
glow discharge plasma nitriding of “commercially pure” 


Table | 

Processing parameters for the eight samples investigated. At a 
pressure of | mbar the maximum temperature achievable was 
710°C 


Substrate Gas 


Applied Treatment 

temperature Pressure voltage time 
[mbar] [V] 

Sample | 5 

Sample 2 5 

Sample - 

Sample 

Sample 

Sample $5 680 

Sample l 920 

Sample 8 950 


RAW DATA 
SIMULATION 





315 335 
CHANNEL NUMBER 





475 560 645 730 815 900 
CHANNEL 


NUMBER 


Fig. 2. NRA spectrum of sample 4 showing peaks from '°O(d, p)'’O, '*N(d, p)'°N, '*C(d, p)'°C and 'N(d, a)!2C reactions. The 
N p,2 peak has been expanded to show the simulation of the nitrogen depth profile. A small O py, peak is also visible and gives an 
upper limit to oxygen contamination. (The energy width of the channels is 10.61 keV.) 
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titanium in a nitrogen atmosphere, the nitriding being 
carried out using a 40 kW (GZM40) Kléckner Ionon 
unit, designed specifically for the treatment of titanium 
components. The specimen support and current lead 
were made of titanium to reduce contamination of the 
atmosphere and specimen surface by sputtering from 
these components. The specimens were first heated to 
the treatment temperature in an inert argon atmo- 
sphere, all the heat being supplied by the glow dis- 
charge, and once the treatment temperature was 
achieved the argon was replaced by nitrogen at the 
treatment pressure. The plasma unit used did not allow 
direct control of the voltage and current of the glow 
discharge, V and / varying with the temperature and 
pressure settings. The samples produced and the treat- 
ment conditions are listed in table 1. 


4. Results and discussion 
4.1. Nitrogen depth profiles 


The RBS and (d, p) spectra were measured for all 
the samples and analysed using the above method. The 
resulting RBS and (d, p) nitrogen depth profiles were 
then combined for each sample to give a nitrogen 
depth profile 4 to 5 um deep from the (d, p) data, with 
a good near surface resolution (first micrometer) pro- 
vided by the RBS data. The composite depth profiles 
obtained for the coatings are shown in fig. 3. All the 
profiles show the same general shape, an initial steep 
region where the nitrogen concentration is dropping 
rapidly, suggesting a thin TiN layer, a flattened region 
containing about 33 at.% nitrogen corresponding to 
the Ti,N phase, followed by an exponential fall off in 
nitrogen corresponding to the region of nitrogen diffu- 
sion into a-titanium. 

The solubility quoted for nitrogen in the 8-TiN 
structure is in the range 55 to 30 at.% [16]. The «-Ti,N 
phase exists only over a very small range of solubilities 
about 33 at.% of nitrogen. Nitrogen is soluble in a- 
titanium up to 22 at.%. 

Several trends can be seen in these profiles. The 
width of the TiN layer is increased by raising the 
temperature and by lowering the pressure. Surface 
nitrogen concentrations of 59 to 63 at.% were observed 
on all of these samples, well above the previously 
assumed value corresponding to the stoichiometric ni- 
trogen concentration for TiN (S50 at.%) and also above 
the range of solubility quoted for nitrogen in TiN. On 
samples 7 and 8, thick layers (15 to 2 um) of over 
stoichiometric nitride with a constant titanium: nitro- 
gen ratio were seen. 


The width of the Ti,N layer and the extent of 


nitrogen diffusion into the substrate both increase with 
the treatment temperature, but do not appear to be 
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Fig. 4. Voltage and current characteristics of the plasma unit 
for the substrate temperature and pressure settings used for 
nitriding. 


significantly effected by treatment pressure. The effect 
of temperature is to increase the rate of nitrogen 
diffusion through the coating, which increases the 
thickness of all the layers in the coating. 

The increase in the TiN layer thickness due to 
decrease in pressure and, in particular, the amount of 
over stoiciometric nitride, is probably dependent on 
the availability and energy of nitrogen ions arriving at 
the specimen surface. Ions and accelerated neutrals at 
the surface cause physical sputtering, which increases 
with decreasing pressure and increasing ion current 
(current increases with temperature). They also hit and 
penetrate the top most atomic layers and have an 
energy that depends on the applied voltage. 

Fig. 4 shows the current and voltage conditions that 
were observed for the temperatures and pressures used 
in the treatments. From this it can be seen that, 
current increases with increasing temperature and 
pressure, and that voltage increases with increasing 
temperature and decreasing pressure. Examination of 
the data in fig. 3 in the light of this information 
indicates that it is the higher applied voltage, required 
to operate at lower pressures that increases the width 
of the TiN layers; extra nitrogen appears to be forced 
into the titanium lattice by the bombardment of higher 
kinetic energy nitrogen ions. In fig. 3 an increase in 
voltage (samples | and 4, and again samples 2 and 5) 
gives rise to increased TiN layer thickness. This effect 
is most dramatic for samples 7 and 8 where the applied 
voltage is over 900 V and where a uniform layer over | 
ym thick is produced. The overstoichiometric TiN 
layer on sample 7 contains 59 at.% nitrogen whereas 
on sample 8 it is 63 at.%. This increase in the atomic 
percentage of nitrogen may be due to the increase in 
the applied voltage measured for sample 8 or alterna- 
tively to the longer treatment time of 42 h. 

The RBS spectra show two small peaks due to 
surface contamination by iron and copper. This was 
temperature dependent and was therefore probably 
picked up during processing from sputtering of the 
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structure of the vacuum furnace, which contains both 
these elements. 


4.2. Oxygen contamination measurements 


Oxygen concentrations measured with the electron 
microprobe varied between 0.14 and 1.45 wt.%, but 
this variation appeared to be random, having no obvi- 
ous correlation with processing temperature or pres- 
sure. An average was made of the measured oxygen 
concentrations (0.6 + 0.4 wt.%) and this was converted 
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Fig. 5. X-ray diffraction traces for samples 1, 3 and 7. Sample 
1 shows peaks from TiN, Ti,N and a-Ti phases, sample 3 
shows significant growth of the Ti,N (002) peak due to the 
preferred crystallographic orientation in the Ti,N layer, and 
sample 7 shows broadening of TiN peaks due to the presence 
of an over stoichiometric nitrogen concentration in this layer 
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to an atomic percent by assuming the ratio of titanium 
to nitrogen in the first micrometer of the coatings to be 
3:2. The average oxygen concentration was = 1.2 + 0.8 
at.% and the highest was 3.1 at.%. 

The heights of the '°O(d, p,) peaks seen on the 
NRA spectra also indicated an upper limit of 2 to 3 
at.% for the oxygen concentration averaged over the 
the first 4 to 5 um of the coating. 

There are several sources of this oxygen. The alloy 
used (commercially pure titanium — IMI 125)) contains 
0.4 at.% oxygen. Also, the metal forms a surface oxide 
layer at room temperature. Some of this will be physi- 
cally removed by sputtering in the plasma during pro- 
cessing. However some will also diffuse into the sur- 
face at the treatment temperature used. After process- 
ing, TiN is also known to form a TiO, oxide on its 
surface when exposed to the atmosphere at room tem- 
perature which is estimated to extend five to ten atomic 
layers into the surface [17]. 


4.3. Phase identification using XRD 


The XRD analysis confirmed the presence of the 
5-TiN, €-Ti,N and a-titanium phases in the coating 
(fig. 5). The diffraction patterns show an enormous 
increase in the height of the Ti,N (002) peak com- 
pared with the other Ti,N peaks with increased treat- 
ment temperature [fig. 5 (sample 3)] which indicates 
that there is a preferred crystalographic orientation for 
the Ti,N layer. In this case, the 002 planes of the Ti,N 
lining up with the surface [5]. 

Fig. 5 (sample 7) shows the effect of a thick layer of 
over stoichiometric TiN on the diffraction patterns. 
The TiN peaks are broad in comparison with those for 
sample | (fig. 5). This is most likely to be caused by the 
extra nitrogen atoms being forced into the Ti lattice 
(which has a NaCl structure). These extra nitrogen 
atoms may fill tetrahedral sites [18] rather than the 
octahedral sites usually filled in TiN, or they may 
occupy vacant sites on the titanium lattice. 


5. Conclusions 


The '*N(d, p)’°N reaction and RBS a-scattering 
measurements have been used to measure nitrogen 
depth profiles to a depth of 4 to 5 um with a good 
resolution over the first micron. These profiles showed 
the effect of different plasma nitriding treatment pa- 
rameters. Raising the substrate temperature increases 
the coating thickness and also increases the thickness 
of all the layers which make up the coating. The 
composition of the outermost surface of the outer TiN 
layer was found in all cases to be over stoichiometric, 
namely 59 to 63 at.% nitrogen. Lowering the treatment 
pressure has the effect of increasing the thickness of 
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the TiN layer, and at the lowest pressure investigated 
(1 mbar) gave rise to layers of over stoichiometric 
nitride (over 1 ym in thickness) with constant Ti:N 
ratios. 

The beam parameters and detector geometries used 


allowed an estimate of the oxygen concentration in the 
coatings to be obtained in the presence of a large 
quantity of nitrogen. This was found to be in agree- 


ment with oxygen contamination measurements made 
with the electron microprobe. The level of oxygen 
contamination was found to be low, less than 3 at.%. 

The presence of the TiN, Ti,N and a@ titanium 
phases that make up the coating was confirmed by 
X-ray diffraction measurements. At the higher sub- 
strate temperatures, 775 and 850°C, preferred orienta- 
tion of the Ti,N phase occurred with the (002) planes 
aligning themselves parallel to the coating surface. The 
TiN peaks were found to broaden significantly when a 
large proportion of over stoichiometric TiN was pres- 
ent in the coating. 

The above surface analysis techniques allow tita- 
nium nitride coatings produced by plasma nitriding a 
titanium substrate to be clearly characterised in terms 
of nitrogen depth profiles, titanium nitride compounds 
and the level of oxygen contamination and have re- 
vealed a compositional effect at high voltages (low 
pressures) not previously reported. 
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Nitrogen profiling in nitride films and nitrogen-implanted samples 
using the “N(a, a) and “N(a, p) reactions at 6 MeV incident energy 
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We investigate the nitrogen profiling potentiality using incident alpha particles from 5 to 7 MeV. In this energy range the alpha 
scattering cross sections on light elements are substantially larger than the Rutherford cross sections and therefore lead to 
competitive sensitivity. Moreover, another advantage is the high mass resolution which allows to profile simultaneously carbon, 


nitrogen and oxygen 


The analysis of TiN, NbTiN films and nitrogen implanted steel are presented. The inclusion, in the simulation program, of the 
'4N(a, a) and '*N(a, p) cross sections allows to get a complete reproduction of the spectra and authorizes to determine accurately 
the nitrogen profile. Such a dual nitrogen analysis improves profile determination in case of thick analyzed layers. The sensitivity 
limits connected to the alpha scattered yield on steel substrate are 10'° and 5x 10'° N atoms/cm? for the '*N(a, a) and '*N(a, p) 


reactions, respectively 


1. Introduction 


In the last few years there has been a great interest 
in the study of metal nitride films. This is due to the 
development of a reactive sputtering technique which 
authorizes the manufacturing of such compound films 
and leads to a variety of applications of these materials 
in several areas. Let us mention two typical examples: 
titanium nitride films [1] which are well known as 
wear-resistant surface coatings and as diffusion barri- 
ers, and niobium-—titanium nitride films [2] which are 
studied for their superconducting properties. Besides 
nitrogen implantation [3] in metal alloys is a widely 
developped research area. It has already been estab- 
lished that the introduction of nitrogen in the near- 
surface region of metal alloys can improve their tribo- 
logical characteristics. Since properties of nitride layers 
and nitrogen implanted alloys depend strongly on their 
composition, quantitative elementary analyses become 
very important. 

Analytical procedures usually involve Auger elec- 
tron spectroscopy (AES), X-ray photoelectron spec- 
troscopy (XPS) and secondary ion mass spectrometry 
(SIMS). Some of these techniques provide informa- 
tions on the chemical state of the elements, but the 
profiling of composition versus depth is accomplished 
by sputter erosion of the surface which may lead to 
confusing artifacts. Therefore energetic ion backscat- 
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tering analysis which circumvents the sputtering prob- 
lem and leads to quantitative mass concentration pro- 
files, is an alternative probe for such materials. 

In this work, the choice for energetic alpha 
backscattering analysis of nitrogen is first discussed. 
Then the measurements of ‘“N(a, a) and 'N(a, p) 
excitation functions in the 5.2 to 7.5 MeV energy range 
are presented. Finally analyses of TiN, NbTiN films 
and nitrogen-implanted steel are discussed in order to 
underline the advantages and limitations of such analy- 
ses. 


2. Nitrogen alpha backscattering analysis 


In most cases RBS is not an adequate tool in 
profiling light elements in the presence of heavier 
elements. This arises because of the Z* dependence in 
the Rutherford cross section and the fact that the light 
element distributions are generally superimposed upon 
the matrix distribution. Nuclear reaction spectroscopy 
(NRS) is usually indicated when such difficulties in 
RBS occur. For the case of nitrogen the standard 
reaction used is the '*N(d, «)'*C reaction [4-8]. When 
high depth resolution is required, energy scan using 
either the 'N(p, ay)'*C [9,10] or the “N(a, y)'*F 
[11,12] resonant reaction is performed. These reactions 
provide a very high depth resolution (less than 2 nm in 
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steel) but generally the analyzed depth is limited to 200 
nm due to the loss of resolution because of energy 
straggling. 

In order to analyze up to micron depths and to 
profile simultaneously heavy and light elements, ener- 
getic (Ea >5 MeV) alpha backscattering analysis is 
performed. Nevertheless such a technique requires ac- 
curate measured values of the cross sections for *He 
scattering by the light elements. A review of the experi- 
mental cross section data currently available for large 
angle *He scattering by the light elements (4 < Z < 20) 
has been published recently [13]. Cross sections on 
carbon and oxygen have been used in alpha nuclear 
backscattering spectrometry [14—16] but in case of ni- 
trogen no cross section values have been published up 
to now for alpha energies higher than 5 MeV. Doyle et 
al. [17] have used nuclear microprobe device to analyse 
nitrogen by NBS, but as they referred to standards they 
did not need the cross section knowledge. 


3. Cross section measurement 


The '*N(a, a) excitation function has already been 
studied [18-20] in the energy range from 2 MeV to 4.7 
MeV incident energy. The cross sections are nearly 
similar to RBS up to 2.5 MeV. At higher incident 
energy the nitrogen alpha scattering cross sections are 
enhanced because of the nuclear interaction compo- 
nent. A smooth region between 3.2 and 3.5 MeV 
corresponding to 37 mb/sr cross section value (twice 
the Rutherford cross section) is observed. Nevertheless 
we are interested in incident energies higher than 5 
MeV because they lead to an improved mass resolution 
and they enable, in most cases, to separate carbon 
oxygen and nitrogen components. A competitive reac- 
tion namely the 'N(a, p)'’O reaction is observed for 
incident energies higher than 3.5 MeV. The excitation 
function shows a resonance at 3.7 MeV which has been 
used in nitrogen nuclear microprobe analysis [17]. As 
the (a, p) ground state Q value is equal to —1.193 
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MeV protons are emitted with less energy than the 
incoming particles and are thus detected in the energy 
range of the alpha backscattered particles. As both 
components will appear in the experimental spectra we 
measured the '*N(a, a) and '*N(a, p) excitation func- 
tion between 5.2 to 7.5 MeV alpha incident energy at 
6, = 172° detection angle. 

The cross section measurements have been per- 
formed using 0.2 pm thick Nbp Tig ¢gNoo3 film de- 
posited on carbon wafer. The carbon substrate and the 
film thickness have been chosen in order to enable the 
film stoichiometry determination involving 2.2 MeV 
alpha RBS. Moreover the cross section values required 
in NBS have been checked using a standard TiN/Zr 
target. For each energy (the scan being performed in 
50 kev or 100 keV steps) the N(a, a) and Nfa, p) 
responses were taken as the height of the component 
spectrum front edge. The normalisation was achieved 
using Rutherford cross sections on bulk niobium. The 
(a, a) excitation function is shown in fig. 1. A rather 
smooth cross section variation is observed in the 5.8 to 
6 MeV energy range, their values being around 100 
mb/sr which corresponds to 18 times the Rutherford 
cross section. In the same energy range the (a, p) 
reaction cross sections (fig. 2) are much lower. They 
range between 8 to 13 mb/sr. At 6.57 MeV incident 
energy a narrow resonance has been observed in the 
(a, p) excitation function. Up to now we did not take 
advantage of this resonance for analytical purposes. 
The cross section values are given with an accuracy of 
8% including uncertainties on the normalisation and 
the standard target stoichiometry. In order to take 
advantage of the 100 mb/sr cross sections in the 5.8 to 
6 MeV energy range, nitrogen NBS has been per- 
formed at 6 MeV incident energy. 


4. Backscattering analysis performed at 6 MeV alpha 
incident energy 


The analytical characteristics namely mass separa- 
tion, depth resolution, and sensitivity are discussed on 
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Fig. 1. Excitation function for the '*N(a, a) reaction from 5.2 to 7.5 MeV incident alpha-particles energies. 
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Fig. 2. Excitation function for the '*N(a, p)'’O reaction from 5.2 to 7 


the basis of typical sample profiling. Fig. 3 shows the 
NBS spectra of NbTiN film deposited on carbon sub- 
strates at 6 MeV alpha-particle energy. At this incident 
alpha-particle energy and for films of thickness thinner 
than 0.5 um, carbon nitrogen and oxygen components 
are well separated. Then accurate film stoichiometry 
determination is easily achieved. Concerning the 
'*?N(a, p) component, the front edge is at 2.37 MeV 
slightly higher in energy than the oxygen alpha 
backscattering component and could be superimposed 
to the fluorine component. Fortunately fluorine is not 
commonly introduced as contaminant neither in im- 
plantation nor in deposition technique. In such an 
analysis the depth resolution on Nb, Ti, O, N, C ranges 
from 23 to 26 nm. However we must point out that the 
nitrogen profiling obtained by the (a, p) reaction leads 
to worse depth resolution (80 nm) due to low proton 
stopping power values. 

In case of bulk films overlaps between oxygen, ni- 
trogen and carbon components are observed in the 6 
MeV alpha backscattering spectra. Comparison of ex- 
perimental and simulated distributions for a 2.6 um 
NbTIN film analysis is given in fig. 4. The theoretical 
spectrum has been obtained assuming the same com- 
position over the 2.6 um film thickness. Discrepancies 


Nitrogen profiling 


ENERGY (MeV) 


5 MeV incident alpha-particles energies 


are observed mainly in the low energy parts of the 
titanium and nitrogen-components which can be ex- 
plained by an interface contamination. The fit could be 
improved by taking into account carbon and oxygen 
contamination at the surface, in the inner film and at 
the film-—substrate interface. Due to the fact that the 
carbon NBS component overlaps only with the low 
energy part of the nitrogen alpha NBS component 
while the oxygen profile overlaps with the N(a, p) 
component, the simulation of the whole spectrum is a 
quite severe test. Therefore the dual nitrogen analysis 
using both the '*N(a, a) and “N(a, p) components 
authorizes to determine accurately the nitrogen profile. 

The NbTIN analyses are simplified by the choice of 
light carbon substrate. Let us examine the case of films 
deposited on heavy substrates. As an example the 6 
MeV alpha backscattered spectrum for a 1.3 ~m TiN 
film deposited on zirconium substrate is given in fig. 5. 
The comparison with simulated spectrum assuming a 
layer with 0.774% Ti and 0.226% N mass concentration 
is shown. The NBS nitrogen and '*N(a, p) components 
can be correctly analyzed as they are superimposed on 
a low alpha scattering zirconium yield since a 6 MeV 
incident energy has been used. The NBS nitrogen 
analysis for layer thicknesses larger than 2 1m should 
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Fig. 3. Experimental (dots) and calculated (full line) backscattering spectra on a 0.5 jm NbTiN /C device. 
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Fig. 4. Experimental (dots) and calculated (full line) backscattering spectra on a 2.6 1m NbTiN/C device. The individual simulated 
(a, p) contribution is hatched 


not be possible because of major increase of the low 
energy scattering yield on heavy matrix. One possible 
alternative should be to isolate the '*N(a, p) compo- 
nent using an absorber in front of the Si surface barrier 
detector in order to stop the alpha backscattered parti- 
cles and to only transmit the protons produced by the 
nuclear reaction. Due to straggling and spreading in 
scattering angles the depth resolution should drop down 
to around 150 nm. Such a technique, adequate in case 
of bulk films deposited on heavy substrates, is in 
progress in our laboratory in order to profile nitrogen 
in thick (from 3 to 5 wm) NbTIN films deposited on 
copper. 

To investigate the sensitivity that can be expected 
from the 6 MeV alpha backscattering analysis we used 
a nitrogen implanted steel sample. The implantation 
parameters are 160 keV energy and 9 x 10'° N/cm? 
dose. At this implantation energy the depth to profile 
is of the order of magnitude of 170 nm. The experi- 
mental spectrum is given in fig. 6. The measurement of 
the (a, a) and (a, p) nitrogen peak areas which allows 
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Fig. 6. Experimental backscattering spectra on a (160 keV 

energy and 9x10'° N/cm? dose) nitrogen-implanted steel 
sample 
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Fig. 5. Experimental (dots) and calculated (full line) backscattering spectra on a 1.3 um TiN /Zr device 
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the implanted dose determination is affected with at 
least 15% uncertainty due to the large background. In 
this case the implanted dose is close to the sensitivity 
limit estimated to 10'° and 5 x 10'® N/cm? for (a, a) 
and (a, p) nitrogen components, respectively. 

However the nitrogen doses necessary to improve 
the steel tribological properties are larger than 
10'’N /cm?. Therefore the 6 MeV alpha backscattering 
analysis is very helpfull as it allows in one measure- 
ment to get nitrogen implantation profiles and to con- 
trol carbon and oxygen incorporation during beam 
irradiation. 


5. Conclusion 


We have reported measured values of cross sections 
for both '*N(a, a) and “N(a, p)'’O reactions in the 
energy range from 5.2 to 7.5 MeV. Simultaneous nu- 
clear backscattering spectroscopy and nuclear reaction 
spectroscopy at 6 MeV alpha incident particles are 
shown to be powerful tools for profiling nitrogen in 
metallic nitride layers and in implanted samples. 
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Ion beam analysis of steel surfaces modified by nitrogen ion 
implantation 
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Conventional ERDA in combination with RBS and the '*N(d, «)'*C nuclear reaction has been applied to understand the wear 
behaviour of 210Cr46 tool steel after nitrogen implantation. However, the presence of the neighbouring elements "C and *°O 
within the '*N-implanted layers results in both strong limitations for the conventional ERDA and the necessity to registrate them 
analytically. The ERDA with Bragg ionization chamber proved useful allowing depth profile measurements with element 
separation in a single run. The solid-state lubrication caused by a nonmetallic carbon covering of the steel surface was deduced to 


increase the wear resistance drastically 


1. Introduction 


The modification of steel surfaces by ion beams has 
been established as a favourable method to improve 
the mechanical properties as well as the resistance 
against chemical reactions [1]. For example, the me- 
chanical and chemical abrasion of cutters chopping up 
plastic materials can be reduced by nearly an order of 
magnitude due to the implantation of nitrogen ions; 
the operating time of nitrogen-implanted extruder 
shafts increases strongly. In connection with the im- 
plantation process analytical methods which ascertain 
both the number of embedded nitrogen atoms and 
their real depth profile are necessary. For this reason 
the '*N(d, a)'*C nuclear reaction at E,= 1.4 MeV 
deuteron energy [2] is suitable using oblique alpha-par- 
ticle detection. However, the wear-resistance be- 
haviour of steel surfaces was found [3] to be influenced 
not only by nitride formation but also favoured by the 
presence of C—N phases, where the carbon originates 
from the rest gas inside the implanter recipient. To 
correlate the mechanical steel properties with the 
chemical composition an analysis of both nitrogen and 
carbon atoms is of interest. Generally, the elastic recoil 
detection (ERD) [4] offers such a possibility and pro- 
vides informations on further elements, i.e. oxygen, 
hydrogen, possibly incorporated within the nitride or 
carbonitride surface layers. 

The present work reports on tool steel surfaces 
hardened by nitrogen-ion implantation at different im- 
planter conditions. In dependence on the nitrogen 
fluency and the carbon partial pressure during implan- 
tation, pin-on-disk measurements informed on the 
characteristic layer resistance to wear. Corresponding 
compositional analysis by conventional ERD [5] turned 


out to be rather restricted due to strong overlaps of N, 
C and O signals. Separated nitrogen depth profiles 
deduced from complementary '*N(d, a,)'*C experi- 
ments enabled a rough understanding of the complex 
ERD spectra. Moreover, Rutherford backscattering 
(RBS) [6] measurements allowed to distinguish be- 
tween C and O surface deposition or matrix incorpora- 
tion. The difficulties were overcome by using ERD in 
combination with a Bragg chamber [7] which allows to 
observe spectra well resolved in atomic number and 
energy of the recoiled species. 


2. Experimental 


2.1. Ion implantation 


In our institute routine modification of steel sur- 
faces takes place using a noncommercial high current 
implanter without mass separator. Nitrogen ions with 
50 kV acceleration voltage were choosen to prepare a 
test series of polished 210Cr46 tool steel. Two samples 
labelled with Il and I2 were implanted at high ion 
current density //A = 30 pA/cm? and a low carbon 
partial pressure p- = 1.3 x 10 > Pa, adjusting the ni- 
trogen fluency to #, = 1 x 10'’ at/cm? and ¢, =8 x 
10'’ at/cm?, respectively. A further sample labelled 
with IC was prepared by #, = 8 x 10'’ at/cm? operat- 
ing with a moderate ion-beam intensity //A = 4.6 
A/cm? but increased carbon partial pressure Pco= 
3.2 x 10~* Pa. A comparative sample labelled with M 
was implanted with 50 keV N* (¢, = 8 x 10'’ N/cm?) 
ions of 1/A = 4.3 wA/cm? current density at a com- 
mercial implanter including mass separation. 
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Fig. 1. '*N test structure (a) and implantation profiles (b—d) examined by the '*N(d, a,)'*C nuclear reaction at E,=14 MeV, 
oblique deuteron incidence a = 52.5° (target normal) and glancing a-particle detection 0 = 168.5°; angles are given with respect to 
the beam direction 


2.2. Wear-resistance measurements and M was examined by means of a pin-on-disk ar- 


rangement. The volume abrasion was determined as a 
The wear behaviour of the nonimplanted 210Cr46 function of the sliding distance of a fixed hardened 
tool steel and the nitrogen doped samples I1, 12, IC (HR .. = 60) bearing ball (3 mm diameter) on the rotat- 
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Fig. 2. ERD (conventional) energy spectrum of a sandwich structure produced by deposition of SiNCH) and a-Si:H layers of 20 nm 
thickness; a = 20°, 8 = 30 
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ing steel disk. The pin ball moved on the disk with | 
m/s velocity and a load of 0.2 N. All wear experiments 
were performed at 30°C without lubrication. 


2.3. Compositional analysis 


2.3.1. Rutherford backscattering 

To decide on the presence of surface coatings RBS 
spectra of both the nonimplanted steel and the im- 
planted samples were recorded using a 1.7 MeV *He 
ion beam (J =50 nA, Q=S50 pC, 2/4n7=1.1 msr) 
and a detection angle of 3 = 170°. 


2.3.2. '*N(d, a,)'*C analysis 

The 'N(d, «,)'*C nuclear reaction was applied in 
the vicinity of the local cross section plateau at E, = 1.4 
MeV deuteron energy (Q, = 9.14 MeV, da/dfQQ=2 
mb/sr, 3 = 168.5°) [8]. A target tilting angle of a = 
52.5° — target normal with respect ot the incident beam 
— provided for a suitable depth resolution. This was 
tested by examining thin silicon nitride layers (d = 10 
nm) deposited on a Si substrate or buried below a 100 
nm Si film. The measured spectra of the a, group are 
depicted in fig. la. Moreover, fig. 1 presents the a, 
spectra gained from nitrogen depth profiles produced 
by 50 keV Nj (@ = 1.5 x 10'’ N,/cm’, fig. 1b) or N* 
(6 =3 x 10'’ N/cm’, fig. 1c) implantation into Si. The 
profiles were found to agree well with the theoretical 
predictions [9]. Fig. 1d shows the analytical result of a 
50 keV N* plus 50 keV Nj double implantation into 
Si. As can be seen in this figure, the resulting a, 
spectrum correlates well with the energy distribution 
composed by a proportional superposition of the N* 
and N; profiles presented in figs. 1b and Ic. 
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Fig. 3. ERD analysis of the steel sample IC (¢@=8x10"’ 
at/cm? nitrogen implantation without mass separation, 50 kV 
terminal voltage, increased carbon partial pressure p.. = 3.2 x 
10~* Pa). Bragg ionization chamber record for 35 MeV Cl’*, 
a = 15°, 3 = 30' 


2.3.3. ERDA — conventional 

Our conventional ERD arrangement including a 
semiconductor detector with Mylar foil has been out- 
lined recently [10]. A Cl°* ion beam of 30 MeV energy 
was obtained from the 5 MV Rossendorf Tandem 
accelerator striking the target surface at a = 20° inci- 
dent angle. The recoil atoms were observed at 3 = 30° 
with respect to the projectile beam. A special target 
sandwich structure produced by plasma CVD, alternat- 
ing SiNH and a-Si: H layers of 20 nm thickness (insert 
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Fig. 4. Volume abrasion versus sliding distance for nonimplanted and '*N-implanted 210Cr46 tool steel. Implantation without mass 


separation: Il - ¢=1X10"’ at/cm’, I2 - 


@=8x10"" at/cm? 


, IC - 6=8x 10" at/cm? with increased C partial pressure; with 


mass separation: M - @=8x 10!’ N/cm?. 
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of fig. 2), has served for estimating the depth resolu- 
tion as a function of depth. Fig. 2 presents two regions 
of the corresponding ERD energy spectrum: the high 
energy part resolving the '*N recoil signals of the 
upper three SiNH films and the low energy part origi- 
nating from a superposition of the 'H group and the 
'?N signal of the deepest SiNH layer. 


2.3.4. ERDA — Bragg ionization chamber 

ERD analysis with a Bragg chamber [7] allows si- 
multaneous depth profiling of atoms and separation 
with respect to the atomic number via the Bragg peak 
height. As an example, fig. 3 depicts the data set of the 
steel sample IC (8 x 10'’ at/cm? nitrogen implanta- 
tion at increased carbon partial pressure) for 35 MeV 
Cl ions at a = 15° and 8 = 30°. Besides a large number 
of elastically scattered projectiles the well separated 
branches of C, O and N recoils are discernable. Re- 
garding ref. [7] the energy resolution was improved by 
using a more homogeneous polypropylene window of 
about 40 pg/cm? thickness. Now typical values AE /E 
are 0.7 to 0.9%. This corresponds to depth resolution 
values within 5 and 10 nm. 


3. Results and discussion 
3.1. Wear resistance 


Fig. 4 shows the volume abrasion in relation to the 
sliding distance as measured by the pin-on-disk experi- 
ment. As obvious the wear decreases systematically 
with increasing fluency of implanted nitrogen atoms. 
Previous investigations [1] provided # = 8 x 10"’ 
N/cm? as an optimum fluency for the nitrogen-steel 
system. At the same number of embedded nitrogen 
atoms a farther drastic wear reduction at increased 
carbon partial pressure during implantation was found 
as Outlined by the curve IC in fig. 4. Such a behaviour 
had already been observed for carbon implantation in 
steel [11]. In connection with the following composi- 
tional analysis it is worth while to mention that implan- 
tation of @ = 8 x 10'’ at/cm? with mass separated N* 
ions (fig. 4, sample M) and implantation without mass 
separation does not induce marked differences in the 
wear characteristic. 


3.2. Compositional analysis 


Starting from the wear behaviour of the steel sam- 
ples doped nominally with equal nitrogen fluencies of 
@=8x 10" at/cm’ but using different implantation 
conditions (see section 2) it had been important to get 
information on (i) the amount and the depth distribu- 
tion of possibly incorporated carbon atoms, especially 
for the sample IC; and (ii) the composition identity or 
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Fig. 5. RBS spectra observed for 1.7 MeV *He bombardment 
of nonimplanted and '*N-implanted tool steel (see text), 
random incidence, #®=170°; sample characterization, see 
fig. 4. 











the kind of differences within the surface region of the 
samples 12 and M. 

For the samples of interest figs. 5, 6 and 7 compare 
corresponding spectra as observed by RBS, conven- 
tional ERD and *N(d, «,)'*C analysis. 

As outlined in fig. 5 (RBS) the Fe surface signal is 
shifted towards lower energies only in the spectrum IC, 
note that the spectrum of sample M, here not shown, is 
quasi identical to that one of sample 12. To explain the 
shift of the Fe signal carbon growth was thought to 
take place during the implantation process. This as- 
sumption was confirmed regarding the corresponding 
ERD spectra in fig. 6. A broad carbon surface peak of 
high intensity dominates for sample IC in contrast to 12 
and M. Supposing a pure carbon coating a layer thick- 
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Fig. 6. Energy spectra of C, N and O recoiled atoms measured by conventional ERDA: 30 MeV Cl°*, a = 20°, 8 = 30°, 9.2 um 
Mylar stopping foil. Samples: '*N (50 kV) implantation into 210Cr46 tool steel, @ = 8 x 10'’ at /cm?. M/I-implantation with /without 
mass separator, respectively; IC-increased carbon partial pressure. The dashed and solid lines in the spectra “nonimplanted” and 
““M” represent the fitting results for C and N /O, respectively 
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Fig. 7. Nitrogen depth profiles (implantation of 8x 10'’ 

at/cm’, U = 50 kV) measured by means of the '*N(d, a,)'*¢ 

nuclear reaction; E,=1.4 MeV, a =52.5° (target normal) 
deuteron incidence, 0 = 168.5° a-particle detection 


ness of 1.6 x 10'* C/cm?’ was estimated from the shift 
of the Fe edge in the RBS spectrum (fig. 5 sample IC). 
Strong overlaps of N, O and C signals, especially in the 
spectra I2 and IC, do not allow to deduce the nitrogen 
depth profiles by conventional ERDA (see fig. 6) with- 
out additional information. For this reason the '*N 
selective results from the '*N(d, a,)'*C nuclear reac- 
tion as depicted in fig. 7 were helpful. Taking spectrum 
M as the reference sample (¢ = 8 x 10'’ N/cm’, im- 
planted with mass separation and a low current density 
1/A =4.3 pA/cm’, the C partial pressure p, = 1.3 x 
10~* Pa) from fig. 7 it is obvious that only sample IC 
bears a rough resemblance to the amount and the 
depth profile of the N atoms. Remember that 12 was 


implanted with the same N fluency but using a high 
current intensity. Surely target heating during implan- 
tation results in a N diffusion as indicated in fig. 7, 
sample 12, by the loss of counts within the peak struc- 
ture accompanied by the presence of an intense low 
energy tail 

This knowledge allows a better understanding of 
the complex ERD spectra of fig. 6. Spectrum M is 
composed by a superposition of signals caused from C 
inside the steel bulk material (compare fig. 6, nonim- 
planted), the implanted N depth profile and O (+H) 
surface peaks originating from a thin oxide (+ water) 
film on the sample surface due to storing on air. To 
obtain concentration depth profiles a simulation proce- 
dure was developed which is discussed in more detail 
in ref. [10]. Starting from an initial depth profile de- 
scribed by an analytical function (e.g. Gaussian shape) 
for each element the program calculates the ERD 
energy spectrum. Adjustable parameters of these func- 
tions are changed and the process is iterated until 
satisfactory agreement between the experimental and 
calculated spectrum is achieved. Fig. 6, nonimplanted 
and fig. 6, sample M, include simulated energy spectra 
obtained under the assumption of a depth constant 
carbon content and an oxide surface layer. The N 
distribution in fig. 6, sample M, was assumed to be a 
Gaussian implantation profile. The quantitative analy- 
sis results in oxygen areal densities of 5.9 x 10° O/cm* 
and 2.8 x 10'° O/cm? for the implanted sample (M) 
and nonimplanted steel, respectively. The range at the 
maximum value and the standard deviation of the N* 
ions (fig. 6, sample M) was found to be 60 and 45 nm, 
respectively. 

Because of the more complex character of the other 
spectra in fig. 6 there was no chance to analyse those 
with the simulation program. The complexity of these 
spectra arises either from the surpassing carbon peak 
at the high energy part of the ERD spectrum IC or 
from the nitrogen diffusion into deeper regions (fig. 6, 
sample 12). Additionally, a substantial O content was 
present in the sample I2 originating from a higher 
oxygen partial pressure within the implanter ion source. 
The absence of mass separation allows the ionized 
oxygen to be also implanted into the sample. 

The utilization of a Bragg ionization chamber [7] 
permits to overcome these difficulties. Figs. 8 and 9 
show energy spectra recorded by the Bragg chamber, 
and depth distributions of N and O evaluated quantita- 
tively by forward fitting [12] of adopted model func- 
tions. Supposing Rutherford cross section the number 
of projectiles scattered from the steel matrix atoms 
served for normalization. 

The qualitative behaviour of the measured '*N 
spectra is in correspondence with the results of 
'N(d, a,)'*C analysis (fig. 7). The calculated N distri- 
bution for the sample I2 shows the maximum shifted to 
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8. Energy spectra of N and O recoiled atoms measured by ERDA with Bragg ionization chamber; 35 MeV Cl’*, a =15°, 
30°. Samples: '*N (50 kV) implantation into 210Cr46 tool steel, @ = 8x 10'’ at/cm*, M/I-implantation with/without mass 


separation 


the surface and a drastic falling off with increasing 
depth. A comparable shape of the profile is also ob- 
served for the implanted oxygen atoms. 


4. Conclusions 
As known from the literature [13], wear-resistant 


surface regions are created in steel due to the implan- 
tation of N atoms which partly move towards the bulk 


e 


atoms/ microgram 


20 40 60 80 100 120 140 160 
depth ( pig/cm**2) 
Fig. 9. N and O depth profiles for sample I2 deduced from 
the ERD energy spectra of fig. 8. 


, respectively 


during surface abrasion. Regarding the samples 12 and 
M it could be shown that in spite of significant differ- 
ences in the shape of the N profile an identical wear 
behaviour was obtained. However, differences in the 
wear characteristic due to the different initial concen- 
tration of N atoms have to be expected when increas- 
ing the sliding way. 

A completely changed wear behaviour occurs in the 
case of nitrogen-implanted steel covered with a carbon 
surface layer. The drastic growth of the wear resistance 
in the case of sample IC we attribute to a solid-state 
lubrication [14] effect. This assumption is supported by 
the RBS result (fig. 5, sample IC) which shows a 
nonmetallic C-coating free of coexistence with Fe 
atoms. Consequently, there is no formation of hard Fe 
carbonitrides but a soft carbon surface layer of lubri- 
cating properties. 
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The aim of this study is to use a nuclear microprobe for simultaneous localization and quantification of '*N and '°N in plant 
cells. A summary of the main nuclear reactions usually used for this purpose is presented. For '°N, we tested the nuclear reaction 
'SN(p, ay)'2C. The yield curve was measured between 2.90 and 3.35 MeV; following the gamma ray at 4.439 MeV, it exhibited two 
resonances at 2.970 and 3.270 MeV. The choice of this energy range also made it possible to measure '*N by proton elastic 
backscattering. The yield curve of the reaction '*N(p, p)'*N was measured in the same energy range. The choice of a 3 MeV proton 
beam energy enabled us to optimize the '°N detection limit and to have enough sensitivity for '*N determination. The stability of 
nitrogen under the proton beam with these analytical conditions was tested. 


1. Introduction 


A better knowledge of the nitrogen metabolism in 
plants is necessary to optimize the use of fertilizers, 
thus improving harvests in quantity and quality and 
limiting the damages caused to the environment by 
excessive inputs of nitrate. Moreover, nitrogen deter- 
mination is a useful tool to measure protein content 
[1,2]. For these reasons, the labelling of fertilizers with 
the stable isotope '°N has already been successfully 
applied in agricultural research [3]. 

The average concentration of nitrogen in plant tis- 
sues is 1.5 wt.%. When plants are fed with an 'N 
labelled substrate, the kinetic study of nitrogen incor- 
poration requires the use of a microanalytical tech- 
nique with a high sensitivity to '*N, and an even better 
one to '°N. The determination of '*N and 'N in bulk 
may be performed by mass spectrometry with a high 
rate of accuracy [4], but this method requires samples 
of at least 1 yg of pure nitrogen [5]. At the cellular 
level, the localization of labelled elements in biological 
specimens is usually performed by microautoradiogra- 
phy [6], but the half-lives of the radioactive isotopes of 
nitrogen are too short for application of this technique. 
Secondary ion emission mass spectrometry (SIMS) al- 
lows us to discriminate between '*N and 'N in order 
to visualize the distribution of both nitrogen isotopes 
with a good spatial resolution [7,8]. The method is 
fairly accurate for the determination of isotopic ratios, 
but absolute concentrations are difficult to measure in 
a biological matrix. To avoid the matrix effects in the 


quantification and visualization of nitrogen isotopes, 
nuclear methods offer an attractive alternative. 

A nuclear reaction with thermal neutrons, '*N(n, 
p)'*C, may serve to map '‘N in a biological specimen 
[9], but it is not applicable to '°N. In the present study, 
we have aimed to use a nuclear microprobe to simulta- 
neously localize '*N and 'N in plant systems. Our 
final objective will be to achieve the subcellular local- 
ization of '*N and '"N, using the new nuclear micro- 
probe of the Pierre Siie Institute in Saclay [10] when 
this instrument starts working (expected in a few 
months). In the meantime, we used the nuclear micro- 
probe facilities of the Nuclear Center of Bruyéres-le- 
Chatel and an optimal spatial resolution of 10 um, in 
order to optimize conditions for the quantification of 
the stable isotopes of nitrogen. It was clearly prefer- 
able to detect both nitrogen isotopes simultaneously on 
the same sample, rather than perform successive deter- 
minations of these isotopes. We therefore had to begin 
by finding out which nuclear reactions were most ap- 
propriate for simultaneous quantitative microanalysis 
of '*N and "N in plant samples. 


2. Main nuclear processes used for the detection of 
stable nitrogen isotopes 


Nuclear techniques such as prompt nuclear reac- 
tions (NRA: nuclear reaction analysis, PIGE: particle- 
induced gamma-ray emission) and elastic scattering 
(PESA: proton elastic scattering analysis, RBS: 
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Rutherford backscattering sectrometry) have already 
been used to determine '*N and 'N, particularly with 
biological samples. We will briefly summarize the main 
reaction processes involved. 


— 
2.1. '*N determination 


The most sensitive nuclear reactions to detect '*N 
are “N(d, p)'’N and “N(d, a)'*C [3,11-14]. “Nid, 
p,)'’N presents the major advantage of having a QO 
value higher than those for deuteron induced reactions 
on carbon and oxygen, which can interfere. Moreover, 
in biological matter, the influence of heavier elements 
present in traces can be neglected. The (d, p) and 
(d, a) reactions allow one to determine profiles of 
nitrogen contents in depth [2,15]. According to Pollard 
[3], the sensitivity in a urea matrix is 1150 counts per | 
wt.% '*N per uC with a detection limit of 0.012 wt.% 
in urea 

Proton induced gamma ray emission has also been 
used for the determination of '*N in biology 
'?N(p, y)'°O exhibits prominent y rays at 8.283, 5.242 
and 3.042 MeV with a narrow proton resonance at 
1061.6 keV [16]. This reaction is not sensitive enough 
for the measurement of nitrogen concentrations in 
plants. 

With a 4.3 MeV proton beam, Xenoulis [17] used 


the “N(p, p’y)'*N reaction, with E, = 2.313 MeV 


this reaction has a high energy proton resonance [18] 
and a better sensitivity than the preceding one. 

Deuteron induced gamma emission exhibits a few 
strong deexcitation y rays, at E, = 5.28 and 5.31 MeV 
for '*N(d, py)'°N [19] and at E, = 7.3 and 8.3 MeV for 
Nid, ny)"O [20]. The sensitivities of the prompt 
gamma ray analysis of '* N(d, py)'°N and '*N(d, ny)"°O 
reactions in urea were 140 and 80 counts per uC per | 
wt.% '*N, respectively [3]. 

Elastic proton scattering '* N(p, p)'*N may also serve 
to quantify ' 
the light elements, carbon, nitrogen and oxygen, is 
enhanced by a factor of 4 to 7 over that expected from 
Coulomb scattering only, when the energy of the inci- 
dent protons ranges from 2.0 to 2.5 MeV [21]. 


N: the cross section for backscattering of 


2.2. '°N determination 

For '°N, the choice of nuclear reactions is more 
limited. Whereas the Q value for the Nid, p)'°N 
reaction is only 0.265 MeV, that of '°N(d, «)'°C is 7.69 
MeV. Interferences are very likely because of many 
reactions with other nuclide Q values of the same 
order of magnitude. 

When one wishes to measure isotopic ratios 
''N /'*N, deuteron induced gamma ray emission is not 
appropriate because the sensitivity of '*N(d, ny)'°O is 
extremely low (90 counts per uC per | wt.% 'N in 
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urea) and the transition E, = 6.14 MeV, due to the 
very weak peak, is at the limit of being discernable [3]. 
Sensitivity with the '°N(d, n-y)'®O reaction is extremely 
poor compared with that of '°N(p, ay)'*C. 

Matsumoto [22] investigated the elastic scattering 
analysis used to measure 'N(p, p)'°N in several bio- 
logical samples: the scattering yield with a 5.82 MeV 
proton beam, as detected at an angle of 165°, was 
shown to be adequate to analyze 'N in natural ade- 
nine. 

In fact, the proton capture resonance nuclear reac- 
tion '°N(p, ay)'*C is the one most often used [23-25]. 
The 4.439 MeV gamma ray transition is extremely 
strong and the excitation function has numerous reso- 
nances at low and high energies [26]. Pollard measured 
'°N in barley roots using this reaction with a 1.69 MeV 
proton energy, and she obtained a sensitivity of 4240 
counts per uC per | wt.% 'N in urea and a detection 
limit of 0.04 wt.% '°N in urea [3]. 


2.3. Simultaneous determination of '*N and '°N 


'"N and '*N were simultaneously measured by pro- 
ton induced gamma ray emission: '*N(p, y)"°O and 
'N(p, ay)'*C, with a low proton beam energy [27]. 
These reactions are applicable to the analysis of sam- 
ples containing large amounts of nitrogen, such as urea 
with *’N enrichments in the range of 0.01% to 10%. In 
our present study, however, it was not possible to use 
the '*N reaction for plant samples because the sensitiv- 
ity was 1000 times below that of the reaction 
'N(p, ay)'*C [16]. 

''N and 'N were also simultaneously determined 
using the reactions N(p, ay)'*C and 'N(p, p’y)'*N 
with a proton incident energy higher than 4 MeV [17] 
By using a 5.82 MeV or, better still, a 6.7 MeV proton 
incident energy, Matsumoto obtained a kinematical 
energy dispersion of scattered protons adequate to 
discriminate the '*N and "N peaks in a specimen 
containing methionine enriched to 95% in '°N [22]. 


3. Choice of the reactions and the incident energy 


The choice of suitable reactions with a high sensitiv- 
ity to determine '°N when using a maximum incident 
energy of 4 MeV is limited; we chose to use the proton 
capture resonant reaction '°N(p, ay)'*C. Once we had 
made our choice, our aim was to use the same incident 
particle with the same energy to detect also '*N; this 
made it impossible to use the reactions with deuterons 
despite their good sensitivity. The only remaining pos- 
sibility for '*N quantification was thus proton elastic 
scattering. The other reactions are not sensitive enough, 
or they require an incident proton energy higher than 
that at our disposal. 
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3.1. Reaction '*N(p, p)'*N 


Proton backscattering analysis of light elements with 
an incident proton beam of several hundred keV raises 
difficulties for quantification due to the non-Ruther 
ford scattering cross section. However, a significant 
improvement of light-element detection sensitivity can 
be expected with a 3 MeV proton beam, particularly 
for thin target analysis. In addition, the stopping power 
in the medium being lower for protons than for heavier 
particles, this favours in-depths analysis of the sample 
and limits straggling. Another advantage is that pro- 
tons induce less radiation damage in the sample than 
deuterons or helions. 

Scattering with incident helium particles is a pure 
Coulomb process between two completely unscreened 
nuclear point charges. When using incident proton 
particles, the collision diameter is smaller and becomes 
comparable to the sum of three components: Ruther- 
ford scattering, nuclear potential scattering and nu- 
clear resonance scattering [28]. Moreover, the proton 
scattering cross section on light elements is better than 
that expected for Coulomb scattering only [29,30]. 

The scattering cross section on '*N for a proton 
energy in the range 1-4 MeV was measured a few 
years ago [31], and the theoretical calculation of the 
cross section of the p—p scattering can also be given 
with quite a high accuracy [32,33]. However, in order to 
limit the possibilities of experimental errors in the 
quantitative analysis, we shall calibrate our measure- 
ments using standards with a known nitrogen composi- 
tion. 

An incident proton energy has to be selected that is 
appropriate to the excitation function of '"N(p, ay)'*C, 
i.e. in the range of 2.9 to 3.35 MeV; it must also be 
compatible with a good elastic cross section of 
‘Nip, p)'*N [31,34]. The excitation function of 
'SN(p, p)'*N is more or less constant between 3 and 
3.10 MeV, though it exhibits a strong narrow reso- 
nance towards 3.2 MeV. In this energy range, the cross 
sections for '*C and '°O, the main components of the 
biological matrix, are practically constant [35,36]. 


3.2. Reaction 'N(p, ay)'?C 


The 4.439 MeV gamma ray issuing from the transi- 
tion of the first excitation to the ground state of the 
'2C atom nucleus may be detected by using the first 
and second escape peaks. A spectral interference is 
expected with ''B(p, y)'*C [37] but, given the low 
concentration of ''B compared with that of '°N in our 
future experiment on plants, it can be neglected. 

The excitation function exhibits numerous well-de- 
fined resonances with high cross section values at low 
and high energies (table 1). They have been investi- 
gated over the past decades, in connection with studies 
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Table | 
Resonance energies of the nuclear reaction 'N(p, ay)'?C 
leading to the emission of the 4.439 MeV gamma ray [26,41] 


Proton energy Cross section Resonance width 


[keV] [mb] 
360 0.03 
429 300 
89R SOO 

1040 15 

1210 425 

1640 340 

1979 35 

3000 750 

3300 535 


of nuclear excited states [38,26]. Although, quite sur- 
prisingly, the high energy resonances at 3.0 and 3.3 
MeV [26] with their respective cross sections of 750 
and 535 mb have hardly been employed by previous 
authors, they are particularly well suited to our present 
problem. Using a proton beam with an energy between 
2.9 and 3.35 MeV, it was thus possible to simultane- 
ously optimize the detection of '*N by elastic proton 
scattering and that of '°N via the (p, ay) reaction. 


4. Experimental measurements 
4.1. Experimental setup 


The proton beam of the nuclear microprobe of 
Bruyéres-le-Chatel was generated by a 4 MV Van de 
Graaff accelerator [39]. The proton energy was esti- 
mated with a degree of uncertainty of about 5 keV. For 
the present methodological study, the beam was defo- 
cused to an area of 200 X 200 um*. The integrated 
charge of protons was monitored by using a beam 
chopper placed just in front of the quadrupoles. The 
samples were irradiated in a collision chamber at an 
angle of 90° to the proton beam in a vacuum of 10~° 
Torr. 

The gamma radiations issuing from the nuclear 
reaction were detected with an ultrapure Ge detector 
Ortec (50.0 x 54.4 mm”) set at 120° to the ion beam at 
a distance of 6.5 cm from the target and subtending a 
solid angle of approximativly 1.57 sr. The detector 
resolution and efficiency were 1.64 keV and 20.4% at 
1.33 MeV ("Co source), respectively. At 122 keV the 
resolution was 0.722 keV ('**Eu source). The Ge de- 
tector was placed in a sleeve-type stainless steel struc- 
ture (thickness: 2 mm). It was protected from the 
surrounding background by three successive screens: 
Pb, Cd, Cu (thickness: 6.5 mm). 
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2800 3000 3200 3400 
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Fig. 1. Yield curve of the reaction '*N(p, p)'*N measured between 2.9 and 3.35 MeV, showing the resonance at 3.185 MeV 


For the detection of charged particles issuing from 


at a scattering angle of 165° in relation to the direction 
the elastic backscattering reaction a silicon surface 


of the beam. Due to our detection system, this maxi- 


barrier detector was used. It was placed approximately mum angle offers a good kinematic energy separation 
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Fig. 2. Backscattering spectrum on a 0.3 »m thick Kapton foil, covered with a thin gold layer, obtained with a 3.185 MeV incident 
proton beam 
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Fig. 3. Yield curve of the reaction '"N(p, ay)'*C measured between 2.9 and 3.35 MeV, showing the two resonances at 2.970 and 
3.270 MeV 


of adjacent masses [40]. The detector had an active keV for 5.5 MeV alpha particles. The data acquisition 
area of 25 mm? and a sensitive depth of 100 wm, it was system consisted of a Tracor TN4000 computer. Data 
collimated to a diameter of 4 mm. Its resolution was 15 handling for gamma ray and elastic scattering proton 
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Fig. 4. Gamma ray spectrum obtained with a 3 MeV proton energy on a 0.5 um thick Ni foil, implanted with '°N ions at a dose of 
10'’ atoms /cm? 
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spectra were performed with VISPECT, a computer 
program developed in our laboratory by D. Piccot. 


4.2. Excitation function of the reaction '*N(p, p)'*N 


The incident proton energy was selected on the 
basis of the excitation functions of the two nuclear 
reactions '*N(p, p)'*N [31] and “N(p, ay)'*C [25], in 
order to optimize the detection sensitivity of the two 
nuclides. This experiment was performed with a sam- 
ple made of a thin Kapton foil (C,,H,)N,O<, 0.3 wm 
thick), which has the main advantage of being com- 
posed of the same major elements as plant tissues. It 
was covered with a thin gold layer to avoid charging 
problems. 

The yield curve is shown in fig. 1. Each point was 
measured with an integrated charge of 3 pC. One 
narrow strong resonance is observed at 3.185 MeV 
with a width of 20 keV. The yield of energies below the 
resonance is approximately twice that afterwards. 

A proton backscattering spectrum obtained with a 
Kapton foil at a proton energy of 3.185 MeV is given in 
fig. 2. Such an incident energy is high enough to 
prevent backscattering peaks on '*C, °C and '*N, '°N 
from mixing, when the sample thickness is 0.3 ~m and 
the detection angle 165° [40]. Due to the concentration 
of nitrogen in Kapton (7.3%) being much lower than 


Counts for 3uC 








that of carbon (69.1%), and to the isotopic abundance 
of 'N in natural nitrogen being only 0.365%, it was 
not possible to detect the proton backscattering on 
ISN) 


4.3. Excitation function of the reaction ’°N(p, ay)!?C 
i p, ay 


The yield curve of the N(p, ay)'*C reaction, as 
presented in fig. 3, was measured in the same energy 
range as that of the yield curve of proton scattering on 
'"N. For this experiment a 0.5 um thick nickel foil 
(Goodfellow) was implanted with '°N ions at a dose of 
10'’ atoms/cm*. '°N implantation was performed with 
50 keV incident ions on a mean range of 54 nm and 
with a straggling of 24.5 nm. The integrated charge was 
2 uC per point. The yield curve exhibits two well-de- 
fined resonances at 2.970 and 3.270 MeV with respec- 
tive widths of 50 and 90 keV. The first resonance is 
about three times as high as the second one. 

A typical spectrum of N implanted in a nickel foil 
is shown in fig. 4. The 4.439 MeV gamma ray issuing 
from the reaction '°N(p, ay)'*C is easily identified by 
is large peak width, which is due to the Doppler 
broadening caused by the alpha decay. Each gamma 
ray gives rise to three peaks, one corresponding to full 
energy and two, respectively, to the single and double 
escape peaks. 


tt iL At Ll 


Channels 
Fig. 5. The same sample as in fig. 2 was analyzed by backscattering spectrometry but with a 3.0 MeV incident proton beam. This 
proton energy, less favorable for detecting '*N, was chosen for the simultaneous determination of '°N. 
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4.4. Nitrogen stability under the proton beam 


To check whether some migration of nitrogen oc- 
curred during the proton bombardment, we have per- 
formed 60 successive measurements of the intensity of 
the '*N signal in Kapton and of the 'N signal in 
nickel, at the same point in each sample under study. 
For each measurement, the specimens were irradiated 
with a 70 nC charge, a 7 nA beam intensity and a 3.185 
MeV proton energy. The counting fluctuations ob- 
served could be put down to statistical error, which 
suggests that no nitrogen was released during analysis. 


4.5. Detection limits 


The detection limit was defined as the amount of 
the nuclide under study corresponding to three times 
the square root of the background. It was measured on 
Kapton foils. For '*N, when using the 3.185 MeV 
resonance energy, the yield was enhanced by a factor 
of 5, compared with the neighboring energies. Two 
spectra obtained with a thin Kapton foil (0.3 um), and 
using two different proton energies, are compared in 
figs. 2 and 5. The detection limit was estimated to be 
53 pg at 3.000 MeV and 11 pg at 3.185 MeV for an 
integrated charge of 7 nC. 


Counts for 3uC 
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In order to estimate the detection limits for '°N, we 
used three values of incident proton energy: 3.000, 
3.185 and 3.300 MeV. The first and third values which 
are 30 keV above the top of the resonances of 
'SN(p, ay)'*C reaction, were chosen to optimize the 
detection limits due to the effect of the target thick- 
ness. Energy calibration and stability of the calibration 
are all important to the reliability of the measure- 
ments. 

On 7.5 pm thick Kapton foils, the detection limits 
measured with the full energy gamma ray at 4.439 
MeV were respectively 19, 81 and 61 pg, for an inte- 
grated charge of 7 wC. Using a proton energy of 3.300 
MeV did not improve the detection limits despite the 
resonance, due to the increased background. 

Since the application of this technique to plants 
usually requires a better sensitivity for '°N than for 
'4N, we chose to perform the simultaneous detection 
of '*N and N with 3.000 MeV protons, thus favouring 
'"N detection. 


4.6. Application to plants and discussion 
In order to illustrate the potential of the methodol- 


ogy described here, a plant sample (Lemna gibba L.) 
was analyzed. The calculation of the proton stopping 
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Fig. 6. Backscattering spectrum on a 2 ym thick Lemna gibba L. section, covered with a thin gold layer, obtained with a 3 MeV 
incident proton beam. 





Ph. Massiot et al 


power in plant tissue allows us to estimate a maximum 
thickness for the plant section to obtain a good separa- 
tion of C, N and O by backscattering spectrometry. A 
Lemna plant was therefore embedded in a resin and 2 
ym thick sections were prepared. 


A backscattering spectrum obtained on a plant sec- 
tion with an incident proton energy of 3 MeV is shown 
in fig. 6. The main elements (C, N, O) of the plant 
matrix are well separated and nitrogen can be deter- 
mined with sufficient sensitivity. On this sample con- 
taining only natural nitrogen, a gamma spectrum for 
the determination of '°N cannot be obtained because 
the amount of '°N analyzed (5 pg) is too low, but the 
detection limits determined for '°N will allow us to 
follow the metabolism of nitrogen in plant cells after 
culture of the plants on a nutrient medium containing 
''N nitrate. For this future experiment, we are now 
analyzing polymeric resins containing known nitrogen 
concentrations as standard samples, cut to the same 
thickness as the biological sections to obtain calibra- 
tion curves in '*N and in "N. 
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The applicability of the resonance in the '*N(p,p’y)'*N reaction at about 4 MeV proton energy was demonstrated to detect the 
nitrogen content of proteins separated by nitrogen free cellulose acetate electrophoresis. Making use of a collimated proton beam 
of 4 MeV energy, N distributions were successfully detected along the protein bands by help of y-ray spectroscopy. The possible 
uncertainties and present difficulties in the measurements as well as further perspectives are also discussed 


1. Introduction 


Separation processes are key steps in the great 
majority of studies on molecules of biochemical or 
biological interest. Different versions of electrophore- 
sis belong to the most widely used biochemical separa- 
tion techniques. The term electrophoresis is used to 
describe the transport of a charged particle through a 
solvent (or supporting medium) by an electric field [1]. 
Molecules having different molecular weights migrate 
with different velocities, finally forming isolated nar- 
row bands. The most common approaches to the detec- 
tion of these bands involve the use of stains, autoradio- 
graphy of radio labeled analytes, or immunoreaction 
with specially prepared antisera [2]. Recently the well 
known technique of particle induced X-ray spectrome- 
try (PIXE) was proved to be enough sensitive to locate 
and even quantify bands formed in polyacrylamide gel 
electrophoresis (PAGE), provided that the protein of 
interest contains heavier metal ions in addition to the 
light major constituent [3]. In this measurement spe- 
cially dried gel sections were directly bombarded by 3 
MeV proton beam of about 10 nA intensity and X-ray 
spectra were taken at different gel positions. A simul- 
taneous and independent quantitative measurement of 
both the total amount of protein and metal content 
would make this method more powerful. The protein 
content could be measured by determining the nitro- 
gen content of the sample. Nitrogen, however, cannot 
be measured with conventional PIXE, but the strong 
resonance in the 'N(p,p’y)'*N nuclear reaction at 
(3903 + 3) keV proton energy ("= 106 keV, wIy = 14 
eV) [4] offers another possibility, namely the use of the 
PIGE (proton induced gamma ray emission) technique 


0168-583X /92/$05.00 © 1992 


[5]. Unfortunately, this idea obviously does not work 
with PAGE due to the large inherent nitrogen content 
of polyacrylamide [6]. In the case of nitrogen free 
supporting media, such as the routinely used cellulose 
acetate, this approach could be successful. 

The purpose of the present study was to demon- 
strate the applicability of the above mentioned nuclear 
reaction to locate protein band in cellulose acetate 
supporting medium. In this paper the first exploratory 
measurements on native and stained transferrin, myo- 
globin and bovine serum albumin (BSA) samples ob- 
tained by cellulose acetate electrophoresis are re- 
ported. 


2. Experimental 


All of the electrophoretic sample preparations were 
carried out at the National Institute of Haematology 
and Blood Transfusion (NIHBT), Budapest, using a 
commercial low voltage separation apparatus and 
standard “Electrafor” cellulose diacetate membranes 
(Shandon Southern Products Ltd., Astmoor, UK). 
Transferrin, myoglobin and BSA stock solutions of 5% 
concentration were prepared and different volumes 
ranging from 0.15 to 1.2 wl were supplied for elec- 
trophoresis. Two parallel runs were always made, one 
membrane was dried on air without any further treat- 
ment, while the other one was stained for protein by 
Amido Black staining solution [1] and destained by 
10% acetic acid. The strips selected for analysis were 
cut out from the dried membranes containing always 
eight independent strips. The photograph of both in- 
tact and bombarded stained strips is displayed in fig. 1. 
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MYOGLOBIN 


Fig. 1. Stained cellulose acetate strips (a) before and (b) after 
scanning by 4 MeV proton beam. 


The two dark protein bands correspond to BSA and 
myoglobin having molecular weights of 67 and 17.5 kD, 
respectively. 

The nitrogen analyses were performed in the Accel- 
erator Laboratory of the University of Helsinki. The 4 
MeV proton beam was provided by the 5 MV tandem 
accelerator EGP-10-II. Several preliminary measure- 
ments were carried out using different target cham- 
ber—detector combinations before the most suitable 
and convenient arrangement was found. The schemat- 
ics of the final measuring setup is shown in fig. 2. The 
shape and size of the bombarding proton beam was 


GelLi) detector 
gamma rays 


vacuum chamber »/ 


7 


4 MeV prptons 





cellulose ‘acetate 


surface barrier detector 
for backscattered protons 


SitLi) detector 
for X-rays 


Fig. 2. The schematics of the measuring setup 


defined by the 0.5 mm wide and 4 mm long slit of a 
tantalum collimator positioned outside the cylindrical 
chamber having a deep port at 90° for the, Ge(Li) and 
another port at 135° for an auxiliary Si(Li) detector. 
Parallel to, but below this Si(Li) X-ray detector a thin 
surface barrier silicon detector was also added. This 
detector has detected the backscattered protons pro- 
viding more reliable spectrum normalization. Signal 
processing were performed by conventional NIM elec- 
tronics. The number of backscattered protons was 
monitored by an integral single channel analyzer-—scaler 
combination, while y- (and X-ray) spectra were col- 
lected by Nuclear Data and Canberra multichannel 
analyzers, respectively. The chamber has accommo- 
dated a vertical target holder rod making possible 
continuous target movement. The ~ 50 mm long and 
~ 7 mm wide sample strips were glued onto a pure Al 
target holder frame which was fixed to the end of this 
rod. 


3. Measurements and results 


The correct proton energy setting and energy cali- 
bration of the Ge(Li) spectrometer was made by bom- 
barding a thick bovine liver pellet observing the ap- 
pearance of the y-radiation of 2313 keV energy pro- 
duced in the N(p,p’y)'*N nuclear reaction. Some 
estimation of the expected sensitivity could also be 
made from these spectra. As a result of this calculation 
it was obtained that protein bands containing about 0.8 
yg N as a whole could be detected. In spite of the fact 
that even samples of the smallest supplied protein 
solution (0.15 wl) contain about two times more nitro- 
gen, PIGE measurements were started on stained 
strips. Stained samples have two definite practical ad- 
vantages. The protein bands are clearly visible making 
sample positioning straightforward, and the nitrogen 
contents of the bands are certainly higher due to the 
additional nitrogen atoms of the staining compound. 
(In real analyses, however, unstained native samples 
should be preferred to avoid evaluation uncertainties 
caused by the above mentioned N enrichment together 
with the possible loss of loosely bound metal ions in 
course of the staining procedure.) The relevant parts of 
y-spectra measured in the centre of a stained myo- 
globin band and at a protein free position of the same 
strip are shown in fig. 3. The spectra clearly demon- 
strate that the 2313 keV y-radiation from N has been 
successfully detected in the stained protein band, but 
on the other hand the empty cellulose acetate region 
contains no nitrogen. The 5 mg/cm’ thick cellulose 
acetate membrane is rather fragile even in its intact 
form, further weakening could be ensued from the 
proton irradiation. In spite of low beam current (< 10 
nA) and short bombarding time (~ 300 s) the definite 
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Fig. 3. y-spectra obtained by bombarding the myoglobin band 
(upper curve) and a protein free region (lower curve) of a 


cellulose acetate electrophoretogram 


spot burned on the target indicates this danger. Re- 
peated measurements proved that neither significant 
sample damage nor loss of nitrogen counts were ob- 
served when beam current density did not exceed the 
value of 5 nA/mm*. If the stained proteins are uni- 
formly distributed across the total width of the mem- 
brane, the sample should certainly be thick and no 
special attention should be paid to the accuracy and 
precision of the beam energy even in quantitative mea- 
surements. In fig. 4 the y-ray yield of the '*N(p,p’y)'*N 
reaction is shown as a function of the bombarding 
proton energy. The yield was found to be constant in 
the 4.0-4.2 MeV proton range supporting the above 
mentioned assumption. In order to test whether this 
technique could be quantitative, measurements were 
made on samples containing different amounts of 
transferrin. The promising results are displayed in fig. 
5. The N peak areas measured at the centre of each 
band were found to be proportional to the amount of 
transferrin supplied for electrophoresis. The linear re- 
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Fig. 4. The y-ray yield of N as a function of the bombarding 
proton energy. (The full line is only drawn for eye guiding.) 
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5. Dependence of the y-ray yield of N on the amount of 
transferrin supplied for electrophoresis 


lationship observed is more remarkable taking into 
account that the nitrogen content of a band was repre- 
sented by the less accurate central position N counts 
instead of the integrated one along the whole band. A 
real scan was performed along a strip containing two 
protein bands (see fig. 1). The nitrogen distribution 
obtained is shown in fig. 6. The sharp peaks in the 
distribution correspond to the BSA and myoglobin 
bands, respectively. 

In contrast to these reassuring results obtained with 
stained samples, measurements on unstained (native) 
strips have revealed serious difficulties. The basic prob- 
lem is clearly seen in fig. 7 where nitrogen distributions 
along myoglobin bands in native and stained elec- 
trophoretograms are compared. Surprisingly enough, a 
more or less uniform nitrogen distribution was ob- 
tained along the unstained band. This strange result 
can be explained as follows. During electrophoresis the 
membranes were immersed in a so-called Barbital 
buffer [1]. Since no rinsing or washing procedures were 
made after electrophoresis, the nitrogen containing 
buffer molecules certainly remained to be absorbed in 
the membranes after drying. (PIGE measurements on 
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Fig. 6. N distribution along a cellulose acetate strip containing 
bovine serum albumin and myoglobin bands 
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line) and stained (full line) electrophoretograms 


blank membranes did not show nitrogen, and similar 
results were obtained at the protein free regions of 
stained strips.) In the sharp nitrogen peaks of the 
stained bands the nitrogen contribution from the bound 
dye molecules is probably dominating, while the nitro- 
gen content of a native band was not sufficient to give 
rise to forming peaks over the background from the 
non-rinsed buffer solution. Details of the staining pro- 
cedures are critical in conventional evaluation of elec- 
trophoretograms, too. The dye per protein molecule 
ratio, for instance is generally not known [1], therefore 
cumbersome standard addition is necessary even in the 
most common densitometric evaluations. The ultimate 
aim of our work is to combine PIGE and PIXE to 
analyze nitrogen and metal content simultaneously, but 
the complementing PIXE measurement could also be 
used to study the quantitative details of the staining 
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The molecules of the presently used Amido Black dye 
contain two sulphur atoms. These atoms can easily be 
detected by PIXE (see fig. 8), and the similarity of the 
simultaneously measured S and N distributions sup- 
ports the assumption that the stained bands are mainly 
detected via their bound dye molecules 


4. Concluding remarks 


The nuclear reaction chosen seems to be promising 
to locate or even quantify separated protein bands. 
Several problems, however, still have to be solved. 
Native, but washed samples have to be measured to 
find the minimum detectable amount of proteins. In 
order to use stained samples for quantitative purposes 
detailed experimental studies are necessary to reveal 
the binding characteristics of the most commonly used 
protein dyes with the aim of determining the excess 
nitrogen originated from the dye. The inclusion of 
simultaneous PIXE measurement will provide addi- 
tional information to this staining problem, because 
dyes usually contain sulphur, as well. 
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Nitrogen implantation into aluminum offers many industrial applications. It has already been observed that the shape and the 
thickness of the layer formed depend strongly on the implantation doses for a given energy 

The aim of this work is to investigate the atomic movements of nitrogen during implantation which leads to the formation of the 
aluminum nitride layer. Resonant nuclear reaction analysis (RNRA) allows for the profiling of both stable nitrogen isotopes ('°N 
and '*N) by means of the '°N(p,ay)'*C reaction at 429 keV and the '*N(a,y)'*F reaction at 1531 keV. Therefore, 100 keV '*Nj 
and 100 keV SN} were alternatively implanted into aluminum, and the behavior of each isotope was followed using the 
appropriate nuclear reaction 

The results indicate that some of the nitrogen atoms already present in the matrix are displaced and moved out the sample by 
the incident nitrogen atoms during the implantation. Consequently, the distribution of the original isotope is broadened due to the 


collisional processes occurring when nitrogen doses increase 


1. Introduction 


Over the last decase, ion implantation has become a 
powerful tool for the modification of surface properties 
of materials. It is used extensively in tribology and in 
the particular case of nitrogen implantation into alu- 
minum or iron, several interesting tribological modifi- 
cations have been shown including hardness increase 
and friction reduction. In parallel with the studies of 
mechanical properties performed by other teams [1-3], 
we started, at the LARN, to study the dependence of 
implantation parameters (dose, temperature, flux, etc.) 
on the nitrogen depth profiles using resonant nuclear 
reactions. The use of nuclear techniques has several 
advantages over more conventional ones such as SIMS, 
Auger, etc.: it is non destructive, highly quantitative 
and very fast. These advantages have been successfully 
demonstrated in the discovery of a nitrogen surface 
peak [4,5]. 

To get nitrogen depth profiles, two nuclear reac- 
tions are used: '*N(a,y)'*F, '°N(p,ay)'*C. One partic- 
ular feature of these nuclear reactions is the separate 
isotope measurements that can be done on nitrogen 
'"N and '*N. This is very useful for studying the atomic 
movements of nitrogen implanted into material. '*N 
(or °N) can be initially implanted, followed by implan- 
tation of '°N (or 'N) in the same matrix. Using the 
above nuclear reactions, it is possible to follow the 
redistribution of the '*N (or 'N) due to ballastic 
process. 


The aim of this paper is to present our investigation 
of nitrogen atomic movements in aluminum when it is 
implanted to high doses. The first part concerns the 
description of the characteristics of the nuclear reac- 
tions on '*N and '°N and the particular procedure to 
extract the actual depth profile. In the second part, we 
discuss the results of experiments carried out with 
successive implantations of '*N and "N into alu- 
minum. This experimental procedure has been used to 
study the formation of a buried aluminum nitride layer 
formed by ion implantation. 


2. Nitrogen depth profile technique 


'4N and 'N distributions can be measured selec- 
tively using the two resonant nuclear reactions: '*N 
(a,y)'*F and °N(p,ay)'*C. 

The capture reaction '*N(a,y)'*F presents a nar- 
row resonance at E,, = 1531 keV. The natural width of 
this resonance [, is 0.6 keV [6]. The emitted y-rays 
have an energy between 3.5 and 5.3 MeV. The next 
resonance occurs at 1618 keV leaving a free region of 
bombarding energy of about 87 keV for profiling. 

The '°N distribution is measured using the well- 
known N(p,ay)'*C resonant nuclear reaction which 
occurs at E,, = 429 keV. This very intense resonance is 
isolated and has a natural width of 120 eV [7]. Among 
the emitted particles, we detect the 4.43 MeV y-rays of 
'2C. The nearest resonance appears at 898 keV, which 
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provides a large region of bombarding energy. In AIN 
matrix, we can profile an overall depth of a few um 
under the surface. 

To obtain an excitation curve at high resolution, we 
use an automatic energy scan system installed on our 
2.5 MeV Van de Graaff accelerator [8]. The incident 
particle energy is varied by small increments from the 
resonance energy to a higher value correlated to the 
depth of the implanted layer. 

In our system, the energy change is performed by a 
transverse electric field applied along the beam line 
and each step corresponds to a correction of the accel- 
erator voltage of 150 eV for the proton beam at 429 
keV, and of 1.5 keV for the a-particle at 1531 keV. For 
both nuclear reactions, y-rays are detected in a 4 x 4 
inches Nal well detector. A full description of the 
system can be found in ref. [9]. 

The depth resolution achieved for each nuclear 
reaction depends on the natural width of the reso- 
nance (I’,), the energy spread of the beam (/°,) and 
the straggling effect (’,) due to unequal energy loss of 
identical incident particles. The latter can be estimated 
by a gaussian distribution at a depth greater than 400 
nm for pure aluminum, and asymmetric distributions 
just below the surface which can be described by the 
Vavilov functions [10,11]. The overall effect of these 
three phenomena is to limit the depth resolution as 
observed in fig. 1. To compute the curves, we have 
chosen an energy spread of 400 and 1500 eV for the 
incident beam of our machine for proton and a-par- 
ticles, respectively. It is clearly shown in fig. 1 that the 
depth resolution for the '*N(a,y)'*F reaction is twice 
as good as for the other reaction. 

As the measured excitation curve is the convolution 
of the actual depth profile, a function including the 
energy distribution of the beam (/,+J°;) and the 





, 


"*N(a,y)"*F 
~ “N(a,y)"*F 

"*N(p,ay)"*C 

"*N(p,ary)"*C 


Resolution (nm) 








." A. .. 
100 150 200 
Depth (nm) 





Fig. 1. Calculated depth resolution of the two nuclear reac 
tions on 'N and "N prior to the deconvolution for an 
aluminum and an aluminum nitride sample 
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width of the nuclear reaction (1), a deconvolution 
procedure is necessary to obtain this actual concentra- 
tion distribution. This deconvolution can be done with 
the help of a deconvolution program which uses a 
procedure developed by Deconninck et al. [12]. In 
addition, the depth profile is quantified by comparison 
with a TiN standard with a statistical accuracy on the 
concentration around 5%. The final accuracy on the 
depth profile expressed in at./cm* is better than 15%. 

In the situation where we have to quantify the total 
amount of a species present in the matrix, we do not 
necessarily need to deconvolute the excitation curves 
This amount can be roughly estimated by the following 
relation: 


(1) 


where N is the number of atoms (in 10'’ at./cm*), fs, 
is the atomic fraction of the measured isotope in the 
standard, S.,(E*) is the standard stopping power in 
eV /(10" at./cm*) at E*, AE is the energy change at 
each step of the profile, L?_ , N,, is the total number of 
detected y-rays in the profile (m channels), and E* is 
the arithmetic mean energy over the whole energy 
scan. 

One disadvantage of the '*N(a,y)'*F reaction is the 
low cross section for the a capture reaction. To obtain 
an accurate profile over 2 x 10'* at./cm*, high beam 
currents (= 500 nA) and long exposure times (= 2 h) 
are required. In this case, the accumulation of a-par- 
ticles (~ 5 x 10'’ He*/cm*) into the sample can lead 
to the formation of blisters and radiation damages and 
as has been previously observed in the study of nitro- 
gen implantation into iron [9]. 

However, on the opposite side, the '°N(p,ay)'*C 
reaction has a high cross section which allows the 
measurement of a 'N distribution on 200 nm in less 
than 10 min with a proton beam of 150 nA. Therefore, 
the influence of '*N implantation will be preferentially 
studied by the measurement of the additional amount 
of °N 


3. Study of the atomic movements of nitrogen im- 
planted into aluminum 


In previous work, we have shown that nitrogen 
implantation into aluminum leads to the formation of a 
nitride layer which is broadened when the implantation 
dose is very high [13,14]. It is possible to understand 
the mechanisms involved with the help of the isotopic 
selectivity of nuclear resonant reactions on '*N and 
'"N. To do this, we studied the migration of isotopic 
nitrogen atoms freshly implanted in a layer contami- 
nated with nitrogen of the other isotope. 
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3.1. Sample preparation 


Thick aluminum polycrystalline discs (145 mm diam 
eter, 2 mm thick, 99.5% purity) were mechanically 
polished down to a grain size of 0.5 ym, and implanted 
with molecular '*N} or N} at 100 keV. We have 
shown previously that the depth distributions of the 
'4N or N are the same within the experimental errors 
(9} 

For the rest of the paper, we shall define a sample 
preimplanted with A and postimplanted with B as a 
sample which is first bombarded with A ions, and 
afterwards implanted with B ions. In order to under- 
stand the evolution of the depth distributions during 
the implantation of nitrogen into aluminum, we have 
prepared two sets of specimens. The first one consists 
of a pre-implantation of '*N to doses from 3.6 x 10" 
to 11.410"? '*N*/cm? followed by postbombard 
ment of '°N at a dose of 1.1 x 10'’ "N*/cm?. The 
second one consists of one implantation of '°N at a 
dose of 3 x 10'’ ions/cm’, followed by postbombard- 
ment with '*N to doses from 1.1 x 10'’ to 11 x 10" 
ions/cm? by steps of 1.1 x 10'’ ions/cm*. During all 
the implantation procedures, the temperature was 
monitored and maintained at 30°C and the residual 
vacuum was better than 2x 10~° Torr. The current 
density was about 10 pA/cm? 


3.2. Depth distribution of the freshly implanted nitrogen 


, 


Fig. 2 shows the »° 


N depth profile for the aluminum 
specimens preimplanted with different '*N doses (be- 
tween 3.6 10'’ and 11.4 10'’ '*N/cm?), and one 
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Fig. 2. Nitrogen depth profiles of '°N (1.1 10"? °N* /cem?) 

implanted into different aluminum matrices which have been 

pre-implanted to different doses of '*N. The labels on the 
curves are the '*N dose expressed in 10!” at. /em? 
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Fig. 3. Evolution of the projected range (R,,), standard devia 

tion (AR,,), and retained dose of an 1.1 10'? “N/cm? 

implantation into different aluminum samples containing '*N 

The units of the vertical scale see given in 10'’ at./cm*. The 
total dose is the sum of '*N and '°N 


single implantation of '°N (1.1 x 10'’ "N/cm?). The 
shape of all depth distributions is nearly gaussian and 
we can calculate for those profiles: the projected range, 
the standard deviation of the distribution and the re- 
tained dose of 'N (using eq. (1)). The results are 
presented in fig. 3. The retained dose versus the total 
implanted dose is constant (fig. 3c), meaning that all 
nitrogen post-implanted remains in the matrix what- 
ever the dose of nitrogen already present. 

The projected range R,, (fig. 3a) and the width AR, 
(fig. 3b) of the distributions are also constant when the 
total dose is increased. Moreover, the mean projected 
range R, (8.3 x 10"’ at./cm*) and the width of the 
distribution AR, (2.8 x 10'’ at./cm*) are close to the 
data calculated with the TRIDYN code [15] for an 
aluminum nitride matrix implanted with 50 keV atomic 
'"N ions, ic. R, = 8.4 x 10" at./em* and AR, = 2.7 
x 10" at. /cm?. 

To prove the reliability of the profiling technique of 
'"N and '°N, we have measured successively the depth 
profile of '*N and N on an aluminum sample preim- 
planted with 8.9 x 10'’ '‘N/cm? and postbombarded 
with 1.1 x 10'’ "N/cm? (fig. 4). The measurements 
were performed after the implantation of both iso- 
topes. We can observe that the 'N concentration 
(triangles) does not exceed 40% and remains flat over 
the implanted layer, while the '°N distribution (crosses) 
in fig. 4 is nearly Gaussian as discussed above. 

Previous experiments have shown that the local 
nitrogen concentration of 50% is always reached when 
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Fig. 4. Nitrogen depth profiles obtained using the two nuclear 

reactions, '*N(a,y)'*F and 'N(p,ay)'*C. (+) and (4) sam 

ple pre-implanted with '*N and post-implanted with '°N 

( ) algebraic sum of the '*N and '°N distributions; (@) 

nitrogen depth profile of a sample implanted with the same 
dose of '°N than for the full circle profile 


the incident dose is greater than 3 x 10'’ ions/cm’ 
[13]. The nitrogen distribution observed for '*N can be 
explained by a collisional process. The '*N atoms are 
displaced by the incoming '°N atoms which leads to a 
decrease of the maximum 'N concentration and a 
broadening of the '*N depth profile. The total amount 
of nitrogen present in this sample is the arithmetic sum 
of the '*N and '°N distribution (full line in fig. 4). We 
can compare this calculated depth profile with a '°N 
distribution measured on a different sample, implanted 
with only '°N at a dose equal to 10'* '°N /cm’, the sum 
of both implantations with '*N and 'N in the same 
conditions (filled circles in fig. 4). Both depth profiles 
are the same within the experimental errors (10%) 


3.3. Evolution of the depth distribution of nitrogen firstly 
implanted 


By inverting the sequence of isotopic nitrogen im- 
plantations (preimplantation with 'N followed by 
postbombardment with '*N in the same conditions), we 
have measured the evolution of the depth profile of 
''N when more and more “N is implanted in the 
specimen and therefore the evolution of the depth 
distribution of '"N which was firstly implanted. The 
results of such experiments are presented in fig. 5. The 
aluminum sample has been implanted first with '°N at 
a dose of 3 x 10"’ ions/cm’. The depth profile, shown 
in the bottom of fig. 5, is nearly Gaussian and corre- 
sponds to the results obtained previously [13]. After- 
wards, the same sample was postbombarded with dif- 
ferent doses of '*N between 1.1 x 10'’ and 11 x 10" 
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ions/em* by steps of 1.1 10'’ “N/cm?* and the 
depth profile of '°N was measured at each step. 

At low doses of “N (lower than 3.3 x 10" 
ions/cm*), the depth profile of '°N is broadened and 
for higher '*N doses, the depth distribution of initially 
implanted nitrogen is split into two components. The 
first component “migrates” to the surface of the sam- 
ple, whereas the second component penetrates deeper 
and deeper into the bulk. We can observe also in fig. 5 
that the deeper component is larger than the one at 
the surface 


4. Discussion and conclusion 


We have used the isotopic selectivity of resonant 
''N and '°N to follow the atomic 
movements which take place when aluminum is bom- 
barded with nitrogen 


nuclear reactions on 


An extensive description of the mechanism taking 
part in the formation of the buried nitride layer has 
already been reported elsewhere [16]. The results pre- 
sented in fig. 5 suggest that when an incident nitrogen 
ion collides with nitrogen atoms bounded with alu- 
minum, some of them move due to collisional proc- 
esses. When they are free to move, they diffuse in the 
Al and AIN phases according to their diffusion coeffi- 
cients. Therefore, at a depth where the number of 
collisional events is maximum, we expect a lower con- 
centration for the preimplanted nitrogen distribution 
as observed in fig. 5. We conclude that the mechanisms 
taking place during broadening of the nitrogen distri- 
bution are purely ballistic and are followed by a diffu- 
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Fig. 5. Evolution of a pre-implantation of 3.3 x 10'’ "N/cm? 

into aluminum. The sample was post-implanted step by step 

with '*N ions. The labels on the curves are the '*N doses 
expressed in 10'” ions/cm? 
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sion of the delocalized atoms in either the Al or AIN 
phase. 
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Polarized nitrogen beams at LISOL 
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A setup has been constructed which enables to produce nuclear polarized, mass separated beams at the Leuven Isotope 
Separator On Line (LISOL). First experiments demonstrate the existence of substantial atomic orientations, induced with both the 
tilted foil (TF) and the grazing surface scattering (GSS) technique. The results of the TF experiments being as good as optimal for 
our situation, the GSS results can still be enhanced. The setup could be used as a complementary method in material 
characterization studies and first experiments to use a polarized '°N beam to determine site distributions of N implanted in Fe are 


being planned. 


1. Introduction 


During the past two years, a great deal of the 
on-line nuclear orientation activities at the Cyclotron 
Research Center in Louvain-la-Neuve has been de- 
voted to the development of an in-beam nuclear orien- 
tation setup. The original motivation for this work was 
the orientation of short-lived radioactive nuclei which 
could not be oriented by the combination of very low 
temperatures and high electromagnetic fields (cf. con- 
ventional on line low temperature nuclear orientation 
(OL-LTNO) [1]) because of the too short half-life with 
regard to the spin lattice relaxation time and/or the 
too small hyperfine interaction after implantation in a 
host lattice. Two polarizing methods were incorporated 
in the already existing OL-LTNO setup, i.e. the tilted 
foil method (TF) [2] and the grazing surface scattering 
method (GSS) [3]. Both rely on the transfer of an 
atomic orientation to the nucleus of the beam ions via 
the hyperfine interaction. The atomic orientation is 
generated by an anisotropic Coulomb interaction at the 
surface of (a) a carbon foil which is tilted with respect 
to the beam axis in the TF geometry or (b) a Si({111) 
surface in the GSS geometry. Both geometries are 
drawn in fig. 1 and the preferential direction of the 
atomic angular momentum, which is generated, is indi- 
cated. These particular polarization methods were cho- 
sen because they are very polyvalent: no a-priori selec- 
tion is made with regard to the atoms that can be 
polarized because the atomic orientation is purely a 
consequence of the dynamics of the beam—surface 
interaction. 
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During the development it became clear that the 
commonly available beam intensity at the Leuven Iso- 
tope Separator On Line (LISOL) would be the limiting 
factor with regard to the applicability of the technique. 
Indeed, although a rich variety of mass separated ra- 
dioactive beams is available, the intensity of the beams 
is limited to typically 10* atoms/s, when the existing 
target—ionization systems are applied (FEBIAD source 
[4] or the lon Guide based mass separation [5]). This 
beam intensity is the commonly accepted lower limit 
for nuclear magnetic resonance measurements on ori- 
ented nuclei (NMR/ON), which will be the first mea- 
surements to be performed. With the advent, however, 
of the radioactive ion beam (RIB) facility and the 
development of an electron cyclotron resonance (ECR) 
ion source at the separator — which is coupled to the 
RIB production area — this problem seems to be, at 
least partially, solved. In the present stage of develop- 
ment several light ion beams are available at intensities 
up to 10'° atoms/s (see below) and can be used for 
polarization experiments. 

The tests of the polarization equipment were per- 
formed with a stable '*N beam and will be described in 
the next section. The first radioactive beam which was 
successfully produced in the framework of the RIB 
project was a '°N beam (/ = 5, ¢, ,. = 10 m) [12] and 
this beam will be used in a first polarization experi- 
ment as well. This will permit to use a great deal of the 
test results, obtained with '*N, in the analysis. The 
final goal of the first experiments is then to implant a 
polarized '°"N beam in a metal host (e.g. Al) and to 
study site occupancies of N in this metal as a function 
of dose with NMR/ON. 

Nitrogen implantation in Al has been studied quite 
extensively by Bodart and coworkers at the LARN 
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Fig. 1. Geometry of both the tilted foil (a) and grazing surface scattering (b) method. x is the beam direction and (L 


pointing in the 


laboratory in Namur [6]. They developed the IMPI 
code which calculates the ion distribution after implan 
tation at high doses, taking into account the modifica- 
tion of the ion distribution during the implantation 
process [7]. The site occupancy, however, of N in Al is 
not known until now and NMR on the polarized '*N 
nuclei probing the environment will clarify this situa 
tion. The same method has already proven to be very 
successful in earlier experiments with polarized '*B in 
Al and Cu [8]. 

Besides NMR/ON, also cross relaxation experi- 
ments have yielded the same information, even some- 
what more reliable [9]. The latter method consists in 
observing the changes of the polarization as a function 
of external magnetic field. These changes are intro- 
duced by the dipole-dipole interaction between the 
impurity nucleus and the host spins. Such measure- 
ments could, in principle, be carried out as well. 

In the following, the experimental situation will be 
described in somewhat more detail together with the 
already obtained results 


2. The experimental setup 
Fig. 2 shows an overview of the experimental area 


connected to the mass separator. The polarization setup 
is localized in the central beam line. At the end a 


‘He-*He dilution refrigerator is connected, which 
contains the sample. The technical details of the beam 
line are published elsewhere [10] and the discussion 
further will be limited to a short description of the 
experimental peculiarities. 


2.1. The ion source 


Recently, an ECR source has been constructed at 
the LISOL mass separator [11] to ionize the large 
number of radioactive nuclei which can be produced 
with the Cyclone 30 production facility [12]. The con- 
nection between the RIB production area and the ion 
source is made by a +30 m long tube constructed in 
316 stainless steel, allowing the transport of several 


z direction (see text) 


¢ is the angle between a and v 


gases in an efficient way. Thus, to transport the ra- 
dioactive nuclei a suitable carrier gas has to be found. 
Up to now already some very interesting activities are 
being produced: '*N, '’Ne, '°O. Other are being tested 
and will be available in the near future (like e.g. ''C). 
The ECR source will enable to ionize all these ele- 
ments and the mass-separated beams can be used for 
polarization experiments. At present, the develop- 
ments are concentrating on '*N because this will be the 
first beam to be used. A gas handling system is incor- 
porated as well to produce intense stable beams of 
several wA. After the ionization, the beams are ex- 
tracted and accelerated up to 50 keV. Finally they are 
mass-analyzed and sent into the central beam line 

2.2. The central beam line 

The beam line has a modular design to allow a 
certain flexibility, which is necessary because it is used 
for different experiments. Several beam manipulation 
and beam monitoring devices are incorporated [10]. 
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Fig. 2. Lay out of the experimental area at the mass separator, 
LISOL; (1) ion source area, (2) separator magnet, (3) beam 
switch, (4) central beam line, (5) *He-*He refrigerator. 
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Fig. 3. Schematical drawing of the geometry of the optical 

detection device. In the complete system, some lenses and an 

interference filter are incorporated as well. The light is de 

tected with a cooled Burle C31034 photomultiplier. For de 
tails see ref. [10] 


The actual design is sufficient for our needs as was also 
shown by calculations with OOTRAN [13]. The beam 
line contains two interaction chambers, where the po- 
larization is induced. This will be discussed in the next 
section. Each chamber can be connected to the *He 

*He dilution refrigerator. To reduce the amount of 
heat radiation from the beam line and to obtain the 
shortest possible distance between the interaction zone 
and the implantation zone, a very short side access (92 
mm at room temperature) has been constructed [10] 
The side access still allows an implantation tempera- 
ture of about 15 mK. This is established by a series of 
diaphragms which reduce substantially the amount of 
heat radiation onto the cooled sample. The reduction 
of the distance between interaction region and implan- 
tation site is necessary for the most important factor of 
loss of intensity in the transport being the beam diver- 
gence after the interaction, due to the low energy of 
the beam. Since plans are being made to build a 
postaccelerator, this problem might be solved in the 
future. 


2.3. The refrigerator 


A dilution refrigerator is placed at the end of the 
beam line. Samples can be top loaded during its opera- 
tion. At the sample site a static magnetic field up to 1.5 
T can be applied with a superconducting magnet. An 
NMR coil is incorporated as well. Several side accesses 
have already been designed to allow continuous im- 
plantation in a cooled sample. The usual side access, 
with a length at room temperature of +1 m and which 
enables to reach implantation temperatures < 10 mK 
had to replaced by the very short side access, already 
mentioned before. Further, solid state detectors, i.e. | 
mm thick Si-PIPS particle detectors are mounted, which 
can operate at 4 K without window between source 
and detector. These detectors will be used to measure 
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directly the nuclear polarization of the radioactive 
beams by means of the anisotropically emitted nuclear 
radiation. Since B-decay will be the main decay mode, 
B-particles can be detected at 0 and 180°, with respect 
to the external field simultaneously, ensuring a high 
sensitivity to the first order nuclear polarization. 


3. Generation and detection of atomic orientation 
3.1. Generation of the atomic orientation 


3.1.1. General aspects 

In the in-beam methods that will be discussed here, 
the atomic orientation is generated by an anisotropic 
Coulomb interaction of the beam ions with a surface 
which is tilted with respect to the beam axis. This 
tilting of the surface introduces a noncylindrical sym- 
metry and is as such responsible for the generation of 
mainly a first order orientation of the electronic shell. 
A net angular momentum (L) =a X v is created, with 
nm pointing parallel to the normal on the surface and v 
the beam velocity. Several authors have already tried 
to explain this effect and a first explanation was given 
by Schréder and Kupfer [14] who introduced the so- 
called e -density gradient model, which describes the 
orientation as originating from the interaction of the 
beam ions with the e -density gradient at the solid’s 
surface. More specifically for the GSS geometry, Win- 
ter and coworkers [15] adopted current charge ex- 
change models [16] to explain the observed orientation. 
They can explain the observed charge state distribu- 
tions and polarizations fairly well, taking into account 
resonant electron transfer between the atom and the 
metal of which the Fermi sphere is Galilean-trans- 
formed. They show that long range interactions are 
very important for the production of the observed 
effects. This is an important difference compared to 
the TF geometry in which the velocity component, 
perpendicular to the surface, is generally larger (v , a 
v sin @, in fig. 1). A detailed study, however, is not 
available for the TF case although it would be very 
interesting to see whether these long range interactions 
play a role in the TF geometry as well. With their 
model, also the energy dependence of the atomic ori- 
entation — in the case of N — could be explained, the 
result being that the polarization increased with the 
beam velocity up to a saturation value and the maxi- 
mum of the nuclear polarization was reached at an 
energy of 50 keV [17]. 


3.1.2. The tilted foil setup 

The TF method consists in directing a collimated 
beam through a foil which is tilted with respect to the 
beam axis. A major problem in our situation was that 
to transmit in a reasonable way a 50 keV beam of mass 
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= 15 through a carbon foil, the thickness of this foil is 
limited to +150 A which is about 4 pg/cm’. Self 
supporting C-foils of 2-3 ug/cm* can be manufac- 
tured now and are mounted on stainless steel frames. 
The self supporting area is 20-50 mm?. The foils stay 
intact for several hours in beams of 20-50 nA. The 
fragility of the foils is a major obstruction to use more 
intense beams and this is a drawback for the optical 
measurements (see further). When polarizing radioac- 
tive beams, however, the intensities are smaller and the 
problem of fragility should be less important. 

The foils are subsequently mounted in a rotatable 
foil holder for normalisation purposes. In the actual 
construction including the small side access, the dis- 
tance between the foil and the implantation zone is 
+170 mm. Transmission tests showed that a transport 
efficiency of a few percent is possible in this configura- 
tion. Finally a diaphragm in front of the foil should 
enable to avoid as much as possible instrumental asym- 
metries. 


3.1.3. The grazing surface scattering setup 

For practical reasons the tilt angle in the TF geome- 
try is limited to 60-70 degrees, although the first 
experiments in this regard showed that the degree of 
atomic polarization increases with the the sine of the 
tilt angle [18], favouring large tilt angles. As a conse- 
quence of this result, Andra proposed the scattering 
technique as an extension to larger angles and indeed 
larger polarizations were observed [3]. The method 
consists in the specular reflection of the beam at graz- 
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ing incidence on very flat surfaces. The technique is 
slightly more complicated than the TF method and 
more extreme experimental conditions are required to 
obtain the best results. The considerable gain in polar- 
ization, however, makes it worthwile to try the effort. 

A schematic drawing of the interaction region in 
this geometry is shown in fig. 4, together with the 
angular distribution of scattered '*N* ions. The latter 
was measured with a | mm @ needle at 60 mm behind 
the crystal. The measurements with the ECR source 
were performed at 40 kV. The angular distribution can 
thus still be somewhat enhanced going to 50 kV. The 
scattering crystal is attached to a high precision x-y-z 
positioner and the scattering angle can be adjusted 
with a precision of 0.25°, which is satisfying for our 
purposes. The first experiments were performed with a 
Si(100) crystal [10] but with a new Si(111) crystal having 
a better surface granularity (< 10 nm), higher polariza- 
tions were obtained (cf. next section). The positioner is 
mounted in an UHV chamber and during the experi- 
ments the on-line vacuum was 5 X 10~” mbar. The 
improvement of the differential pumping should still 
lower this value since off-line a vacuum of 3 x 107” 
mbar is easily obtained. 


3.2. Detection of atomic orientation 


The atomic orientation is measured via the Stokes 
parameters of the fluorescence light of the excited 
atoms after the interaction. The Stokes parameters S, 
C, M, I define in a complete way the state of a light 





Fig. 4. Drawing of the interaction zone for the GSS geometry; (1) diaphragm, (2) deflection plates, (3) two-dimensional wire grid, 
(4) beam “skimmer”, (5) scattering crystal, (6) 1 mm @ needle. The angular distribution of the scattered ions, measured with the 
needle, is also indicated. 
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beam. The parameter S is sensitive to the amount of 
circular polarization in the light beam and hence to the 
amount of first order polarization of the light source 
[19]. An optical detection system has been designed for 
this reason (fig. 4). It consists essentially of a quarter 
wave plate and a linear analyzer. The intensity of the 
light, measured as a function of the positions of these 
two optical instruments, can be written as (cf. fig. 3 for 
the definition of the angles) [20]: 
l M c 

l(a, B)= |! + (= cos 2a + = sin 22)| 


< - - 


S 
= sin(2a — 2B) 


l 
+ zl M cos 2a —C sin 2a) cos 48 


+(M sin 2a + C cos 2a) sin 4B}. (1) 
The second term contains the parameter S and has a 
periodicity 28. This means that circularly polarized 
light, when measured with this system, will give rise to 
a t-periodic signal as a function of the position of the 
A/4-plate. A m/2 periodicity is significant for linear 
polarization. The relative Stokes parameter, $//, can 
be easily measured as 

I(a~)-I(o") 

I(a~)+I(o*)? 
where /(o*) are the intensities with positive and nega- 
tive helicity. When the detection geometry is as de- 
scribed in fig. 3 (x is beam axis), §// is proportional to 
the atomic orientation (“p)/‘p%, as defined in ref. 
([21]}), neglecting a small alignment contribution. To 
select the proper optical transition no monochromator 


was used for intensity reasons. Narrow band interfer- 
ence filters were used instead. As a consequence, the 
measured signal is an average over the hyperfine multi- 
plets. 

The first experiments were done with a '*N* beam 
from a FEBIAD source. Recently the ECR source has 
become operational and this source has been used 
from then on. The circular polarization of the 
NII 2s*2p3p*D-2s*2p3d°F° and of the NII 2s?2p3s*P- 
2s*2p3p*D optical transitions was measured for both 
methods with filters, having a FWHM of 10 nm, cen- 
tered respectively at 500 nm and 570 nm. The light was 
detected with a cooled RCA-31034 photomultiplier 
operating in single photon counting mode. After back- 
ground subtraction, the light intensity was normalized 
in both cases to the beam current measured immedi- 
ately behind the interaction zone. 


3.2.1. The tilted foil result 


Fig. 5 shows the intensity variation of the 500 nm 
fluorescence light after the interaction of a 50 keV '*N 
beam with a 2 ug/cm?* C-foil. From these data a value 
of S//1 = 10.2(1.9) is extracted. This result has to be 
compared with previous results polarizing a '°N beam 
at 300 keV [22] with a single foil and it is seen that our 
value is in good agreement. This indicates that the 
optimum is practically reached unless more foils can be 
used but this is mainly an energy problem. 

The fragility of the foils prohibited to use more than 
50 nA of primary beam, resulting in a relatively small 
signal to background ratio (= 1:1). This explains part 
of the large error bars. The other part was due to an 
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Fig. 5. Intensity as a function of quarter wave plate position for the TF case, as measured with the optical detection device of fig. 3. 
A value § // = 10.2(1.9) is deduced. 
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inaccurate normalization procedure at that time, a 
problem being solved at the moment. The use of 90% 
transparent wire grids to mount the foils should in 
crease their strength. Tests to enhance the signal /noise 
ratio this way are now being carried out. 
3.2.2. The grazing surface scattering result 

Fig. 6 shows the result of the most recent scattering 
experiments. The three different curves were measured 
at three different positions (cf. fig. 4). Position C is 
relevant for the beam which is implanted, since at 
positions A and B there is a large contribution to the 
light intensity from atoms which have made violent 
collisions with a.o. adsorbates on the surface and which 
are consequently scattered at higher angles [23]. The 
degree of polarization of these atoms is in general 
smaller compared to the atoms which are specularly 
scattered. The value of 20% which has been obtained 
is already a good result since the measurements were 
done without cleaning the surface. This value is then to 
be compared with other measurements on “dirty” sur- 
faces, obtaining about the same value [24]. Cleaning of 
the surface enhances considerably the amount of atomic 
orientation after GSS. §// values of 63% are reported 
for the 567 nm line after sputtering of the surface. For 
cleaning purposes, a heating coil is installed under the 
crystal, to bake out the crystal in situ. A procedure of 
sputtering and heating is known to give good results. 
These tests will be done in the near future. 


4. The nuclear polarization 


The final goal of the development is the production 
of a nuclear polarized beam. The nuclear polarization 
is established by the hyperfine interaction. In low ex- 
ternal field, the atomic angular momentum J and the 
nuclear spin / couple to a total angular momentum 
F=1+J.F being conserved during the motion of the 
atom, / and J precess around F and this induces a 
polarization of / if J has been polarized before. The 
transfer efficiency depend on the angular momenta 
involved and the amount of nuclear orientation, P, = 
(I,)/I is proportional to the induced atomic orienta- 
tion and one can write [21] 

|! Lol 

P,= ¥(1+1)/3l — =Ci, 

0 Po 
in terms of the tensorial components of the atomic and 
nuclear density matrices. The factor can be calculated 
for a given (LS)J term and a given nuclear spin [25]. 
Table 1 lists some of these factors. As can be seen is 
the transfer process most efficient when 7 =J and no 
transfer occurs from a J = 0, atomic S-state. 
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Fig. 6. Intensity as a function of quarter wave plate position 
for the GSS geometry, measured at three different positions 
relative to the crystal;cf. also fig. 4. 


The transfer of polarization goes via the stable and 
metastable terms of the atom. In the case of nitrogen, 
at low excitation energies, the relevant terms are the 
2p* *S, ?P and ?D terms. As can be seen from table 1, 
transfer coefficients of +0.3 can be expected. The 
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Table 1 
Time-integrated transfer coefficients for transfer of atomic 
polarization to the nucleus [25] 





0.226 
0.306 
0.217 
0.170 
0.198 


transfer is slightly less efficient for '°N (/ = 1/2) com- 
pared to '*N (/=1). This means that at present we 
are, in principle, capable of producing beams with 
P, = 6-—7% with the GSS method, which could be en- 
hanced after a proper surface treatment. Tests to de- 
tect this polarization are now being performed. 

The potentiality to use the present technique in 
material characterization studies is then to be com- 
pared with other techniques. The degree of polariza- 
tion, especially in the GSS case, should be high enough 
to perform reliable NMR/ON measurements. It can 
be remarked in this regard that NMR measurements 
have already been reported using degrees of polariza- 
tion of the order of 1% [26]. 

Further, a big advantage is, as already stated, the 
large variety of possible probe nuclei. This could stimu- 
late systematic studies of materials, doped with impuri- 
ties as a function of valence number. This way, the 
present technique could be a nice enrichment in this 
field of research. 
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The conventional Rutherford backscattering (RBS) method is often not sensitive enough for detection of oxygen when heavy 
elements are present. In recent years it has been found that the technique of elastic backscattering of protons and *He ions can 
provide advantages that are not attainable by RBS. The author considers the use of protons and *He ions in the energy regions of 
1.0-4.0 MeV and 3.0-—22.0 MeV, correspondingly, for oxygen profiling and lattice location in Si, YBaCuO, etc. Data on elastic 
scattering cross sections are reviewed. The most important characteristics of elastic backscattering such as minimum detectable 
concentration of oxygen, depth resolution, maximum depth of analysis are being addressed for the above-mentioned projectiles in 
various substrates. A comparison is made for the use of wide and narrow resonances. The problems associated with experimental 
data analysis are reviewed, and computer simulations including such effects as energy straggling, multiple scattering and possible 
Bragg rule violation are discussed. Estimations of the accuracy of elastic backscattering analysis are given. A comparison with RBS 


technique is made. 


1. Introduction 


The determination of the oxygen content in materi- 
als has been an important subject in materials analysis 
for a long time. The recent discovery of new high-T, 
superconducting compounds with critical temperatures 
around 90 K and with properties that critically depend 
on their oxygen content has stirred a renewed interest 
in that field. There are a number of techniques avail- 
able for oxygen detection in materials such as sec- 
ondary ion mass spectrometry (SIMS), Auger electron 
spectroscopy (AES), etc. The main disadvantage of 
these methods is the necessity of the use of standards 
with compositions as close as possible to those of the 
materials in order to quantify the results of measure- 
ments. Furthermore in AES analysis, for example the 
chemical binding effects may influence outcome of the 
experiments. 

The employment of methods based on the use of 
charge particle accelerators may often help to escape 
such difficulties and at the same time provides possibil- 
ities for nondestructive oxygen depth profiling. For 
instance, the conventional Rutherford backscattering 
(RBS) technique in combination with channeling analy- 
sis gives a wide variety of information (both chemical 
composition and crystal structure) about target materi- 
als, but in most cases, when heavy elements are pre- 
sent, it is not sensitive enough for detection of oxygen. 
This is due to a low kinematic factor and RBS cross 


' On leave from: Institute of Nuclear Physics, Moscow State 
University, 119899 Moscow, USSR. 


section for oxygen [1]. Nuclear reaction analysis (NRA) 
is an attractive alternative to RBS for the analysis of 
light elements [2]. The principal advantage of using a 
nuclear reaction is that the detected reaction product 
usually has an energy greater than that of the projec- 
tiles elastically backscattered from the heavier matrix. 
The signal from the oxygen is thus confined to a region 
of the energy spectrum where the background normally 
is low, and NRA technique therefore provides en- 
hanced sensitivity in comparison with RBS analysis. 
However, the NRA technique often requires a rather 
sophisticated data analysis of the experimental spectra 
and the use of standards is also often necessary. 

An another alternative to RBS is based on the 
technique of elastic backscattering of protons and *He 
ions, and it has found wide application for detection of 
oxygen in recent years. This technique is based on the 
concept that when the energy of the analyzing beam 
exceeds a certain threshold, the cross sections of elastic 
scattering of protons and *He ions on '°O becomes up 
to 1-2 orders of magnitude larger than corresponding 
values for Rutherford backscattering cross sections. In 
the present paper the main characteristics of this 
method will be discussed and the applications of the 
method will be reviewed. 


2. RBS detection of oxygen, possibilities and limita- 
tions 


Sigmon et al. [3] have shown that the minimum 
number of oxygen atoms on a silicon substrate that can 
be detected with channeled 2 MeV ‘He ions, is about 
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Fig. 1. Detection sensitivity of oxygen as a bulk impurity in a 
heavier elemental substrate by 2 MeV *He and 2.3 MeV 'H 
backscattering (refs. [4,11]). 





(3-4) x 10° atoms /cm*. Rauhala [4] has investigated 
the minimum detectable bulk concentration of oxygen 
by application of computer synthesis of RBS spectra. 
The results of this analysis are shown in fig. 1. The 
values of concentrations were found by varying the 
assumed target composition in order to produce a 
synthesized spectrum with a minimum detectable lead- 
ing edge height of the oxygen Hp = 3VH,,,, where 
H,,, is the yield (10* counts /channel) from the heavier 
substrate element at the leading edge position of the 
oxygen. 

In ref. [5] oxygen depth profiling in thermally- 
oxidized Ni where no direct oxygen signal could be 
detected has been performed in the following way. 
RBS spectra for pure Ni and for oxidized samples have 
been measured using the same dose of the analyzing 
ions. Due to additional energy losses of analyzing ions 
on the oxygen atoms the RBS yield for the oxidized 
samples was found to be less than for pure Ni. The 
stoichiometry of the Ni oxide has been determined 
from a comparison of these yields. This last method is 
illustrated in fig. 2, where RBS spectra from 
Y,Ba,Cu,0,_, compounds synthesized by the pro- 





RBS yield 
Nn 


— 


“He E = 2500 keV 
6 = 160° 











1 L i 
100 150 200 
Channel number 
Fig. 2. Synthesized RBS spectra for 2.5 MeV ‘He ions inci- 
dent on Y,Ba,Cu,0,_, samples for x =0 (full line) and 

x = 1 (dashed line). 


gramm SANDV [6] are shown for x =0 and 1. The 
data in fig. 1 indicate that for Y,Ba,Cu,O, the bulk 
concentration of oxygen (54 at.%) slightly exceeds the 
minimum detection limit (about 50 at.%). The differ- 
ence in the RBS yields for the heavier elements of 
about 4% seen in fig. 2 indicates the possibility of 
determining the bulk oxygen concentration in homoge- 
neous Y,Ba,Cu,0,_, samples with accuracy of about 
+15%. However, to obtain such an accuracy a very 
precise beam current integration is needed. 


3. Elastic backscattering analysis of oxygen 
3.1. Proton backscattering in non-Rutherford region 


Until recently proton beams are seldomly used in 
backscattering analysis. In spite of significantly larger 
accessible depths and smaller values of the straggling 
than for He ions, the method has some severe disad- 
vatages, e.g. poorer depth resolution and lower mass 
resolution. In an early study [7] the broad and strong 
'©O(p, p) elastic scattering resonance around 4 MeV 
(data on cross section see, e.g. ref. [8]) was used to 
determine the '°O content in implanted and oxidized 
Ti films. In ref. [9] protons with E = 3 MeV (laboratory 
scattering angle 6 = 165°) permitted a determination of 
the oxygen concentration as a function of depth for 
anodized Al layers thicker than those which can be 
measured using standard RBS analysis. 

The renewed interest in oxygen detection using 
protons beams originates mainly from the works of the 
Helsinki group [10,11]. In ref. [10] the '°O(p, p) elastic 
scattering cross section o, has been remeasured (fig. 
3). For @= 170° the H-ion energy E was varied be- 
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Fig. 3. Correction factor 0, /a, for the 'H Rutherford differ- 

ential scattering cross section of oxygen as a function of ion 

energy [10]; (©) experimental, ( ) fit to experimental 
data. 
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tween 0.8 and 2.5 MeV, and the angular dependence 
of o, for four different energies (E = 1.8-2.5 MeV) 
was investigated in the range 6 = 80-170°. The authors 
of ref. [10] have provided simple polynomial fits to 
their experimental data (fig. 3), which allows direct and 
easy use of the formulae for o,(£, @) in computer 
programs treatment of the spectra. It is seen from fig. 3 
that o, at a bombarding energy of 2.3 MeV is en- 
hanced by a factor of 5 relative to the Rutherford cross 
section. The detection sensitivity of oxygen is then also 
enhanced by factor of 5 to 6 in comparison with the 
use of *He ions (fig. 1). In ref. [11] the method was 
applied to determination of the oxygen depth profile in 
YBaCuO samples. The analysis was made from the 
measurement of two spectra, using 2.0 MeV *He and 
2.3 MeV H ions, respectively. The relative Y, Ba and 
Cu concentrations were determined from the corre- 
sponding heights of the leading edges of the *He 
spectrum (see e.g. fig. 2). The concentrations of all the 
elements (Y, Ba, Cu and O) were then extracted from 
the 'H spectrum by fitting the yield from oxygen rela- 
tive to the total yield from the heavier elements. The 
authors of ref. [11] claim that the accuracy of the 
method was better than +6% for oxygen and the 
meaningful analysis of the concentration distribution 
could be made for depths up to 10 pm. 

In ref. [12] the composition of polysilicon films 
(mixtures of Si, O and N) deposited on silicon sub- 
strates has been analysed by proton backscattering 
(E = 1.68 MeV). Sensitivities in determination of the 
concentrations of the light elements were found to be 
2%. Yu et al. [13] have found that the use of 1.6 MeV 
H ions instead of a 2.0 MeV *He beam will decrease 
the error in determination of the stoichiometry of 
silicon dioxide deposited on GaAs from 25 to 9%. 
Other authors [14] used the 2 MeV protons to deter- 
mine the concentration of oxygen in YBaCuO com- 
pounds, and in ref. [15] the oxygen content in CuO has 
been obtained with H ions in the energy region be- 
tween 0.6 and 2.0 MeV. 


3.2. Oxygen detection by elastic backscattering of *He 
ions 


In conventional RBS analysis the energy of *He 
ions usually does not exceed values of 1-2 MeV. The 
backscattering cross sections in that energy region on 
elements heavier than carbon are very close to the 
Rutherford cross sections a, and they may be calcu- 
lated accurately. The use of higher energy *He ions 
gives such advantages as enhanced mass resolution and 
reduction in overlap of backscattering peaks from dif- 
ferent elements of the targets, which are particularly 
important in analysis of thin films composition. 

Early experimental data [16] show that *He elastic 
backscattering cross sections on '°O a,, begin to devi- 
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Fig. 4. Measured elastic scattering cross section for *He ions 
on oxygen for *He laboratory energies between 1.8 and 5.0 
MeV, expressed in terms of the Rutherford cross section op 
at the same energies [17] 


ate from ao, at *He laboratory energy of about 2.2 
MeV. The results of recent measurements of a,, in the 
region of E = 1.8-5.0 MeV for @ = 170.5° are shown in 
fig. 4 [17]. It is seen from the figure that a, has a 
strong narrow resonance around 3 MeV. The data on 
the parameters of this resonance, i.e. energy of the 
resonance E,, the half-width [ and the maximum 
cross section o,"*, obtained so far are contradictory 
[16-20]. However, the data of refs. [16] and [17] in the 
resonance region are similar and provide the following 
parameters: E, = 3045 + 10 keV, [’ = 10 keV and E, = 
3034 +4 keV, [= 10 keV, respectively. Today most 
research is based on the the application of the data 
and calculations from ref. [16], which have recently 
been incorporated into computer programs for treat- 
ment of the spectra [21,22]. 

The bibliography of application of this resonance 
for oxygen depth profiling counts many publications 


sensitivity for detection of oxygen in crystalline silicon 
by this resonance is enhanced by a factor of 10 as 
compared with conventional RBS analysis, i.e. it is 
about 2 x 10" at/cm*. The depth profiling of oxygen 
was performed with a resolution of about 30 nm in Si 
(the depth resolution is defined mainly by the half-width 
of the resonance). Using glancing angle geometry, Ko- 
tai et al. [25] have achieved the best depth resolution of 
6 nm (in silicon) obtained near the surface region. 
Besides, for thin oxide layers, the sensitivity was found 
to increase with increasing tilt angle of the target. 

In refs. [23,30-33] this resonance has been em- 
ployed to study the oxygen content in various metal 
oxides, and in refs. [21,22,29,32] the YBaCuO com- 
pounds have been investigated. Blanpain et al. [21] 
claim that a typical accuracy for quantifying oxygen 
concentration in high-Z oxides is about 5%. The dam- 
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Fig. 5. The ratio of scattering cross sections for helium elastic 
scattering from '°O and Ba as a function of incident ion 
energy. The dashed line shows the ratio of the Rutherford 
scattering cross sections [39] 


age accumulation in the oxygen sublattice of ion-im- 
planted single crystal garnets has been studied by the 
channeling method (E = 3.1 MeV) [26]. Stoffel et al 
[29] determined the channeling characteristics (mini- 
mum normalized yield, half-angle of channeling) for 
the oxygen sublattice in an Y, Ba,Cu,O, 
tal. 

In ref. [34] *He beams with energies of 3.8 and 4.7 
MeV, respectively, (see fig. 4) have been used to obtain 
oxygen content in various high-7. superconducting thin 
films. Boyarko et al. [35] have determined the relative 
concentrations of all elements in epitaxial garnet films 
(Y,Fe,O,,, Gd,Ga,O,,, etc.) by using a *He beam 
with E = 4.5-5 MeV. 

The cross section for elastic scattering of *He ion 
on '°O between 5 and 12 MeV have been measured by 
several groups over the past 30 years [36-38]. A num- 
ber of sharp resonances were found in that energy 
region. An energy range associated with a relatively 
constant cross section was found between 8.4 and 8.8 
MeV, with dips on both sides [36-38]. Recently a, has 
been remeasured by two groups for E = 8.2-9.1 MeV 
[39,40]. Scattering angles were 6 = 166° [39] and @ = 
160° [40]. The results of ref. [39] shown in fig. 5 
disagree significantly in absolute values of o,, with data 
from ref. [40]. This is obviously connected with the 
difference in @ and is documented from data on the 
angular dependence of a,, [37]. For a *He energy of 8.8 
MeV a, was observed to be about 25 times greater 
than oa, for oxygen (fig. 5). The above energy region 
for *He ions has found an application in the analysis of 
high-7, superconductors [39-41]. The absolute uncer- 
tainty in determination of the relative concentration of 
oxygen has been reported to be + 4% [41]. 

Differential cross sections for the elastic scattering 
of *He ions by '°O have been measured in refs. [42] 
and [43] in the ranges from 14.0 to 22.7 MeV and from 


, Single crys- 


20.0 to 24.5 MeV, correspondingly. Several resonances 
have been observed. The cross sections were found to 
be strongly enhanced for large scattering angles, and 
for E = 20-22 MeV (this region corresponds to the 
broad resonance) they are about three orders of magni- 
tude larger than those for scattering on medium mass 
nuclei. Kryuchkov et al. [44] have reviewed the applica- 
tion of *He beams with E = 21.4 MeV (@ = 175°) for 
oxygen detection. They report a depth resolution of 
80-150 nm and a maximum depth of analysis of 5-10 
itm for targets with masses in the range 40 to 140 amu. 
The detection sensitivity of oxygen as surface impurity 
has been calculated using the relation A, > (2-3) 
. VA wun , where Aq Its the peak area under the oxygen 
signal and A,.,, is the area under the signal for the 
substrate at the position of the oxygen peak. The 
calculated (solid line) and experimental (dots) values of 
the detection sensitivity are shown in fig. 6. The larger 
values of the experimental data in comparison with 
calculations originate from contributions from nonelas- 
tically scattered *He ions and protons emitted in (a, p) 
reactions on substrate nuclei. It is seen from fig. 6, that 
a Significant increase in sensitivity in comparison with 
e.g. resonance at 3.04 MeV is achieved for substrates 
with a mass of about 100 amu. 


3.3. Experimental data analysis 


The oxygen concentration is extracted from the 
elastic backscattering spectra by use of several meth- 
ods. In refs. [39-41], where the broad '°O(a, a) reso- 
nance around 8.8 MeV has been used, the oxygen 
content has been determined from the ratio of the 
surface yields for oxygen and heavier elements of the 
substrate. The depth profiling by narrow '°O(a, a) 
resonance around 3.04 MeV is provided using the well 
known stoichiometry of the silicon oxide sample as 
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Fig. 6. Detection sensitivity of oxygen as a surface impurity in 
a heavier substrate, measured by elastic backscattering of “He 
ions with an energy of 21.4 MeV [44]. 
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standard. The oxygen atomic abundance of the investi- 
gated sample is determined from the ratio of the 
normalized resonant yields in the sample of depth x, 
to that of SiO, standard of uniform concentration 
[30,32]. 

The opportunity of the computer reduction of the 
experimental data provides clear advantages, and the 
corrected oxygen cross sections for the elastic scatter- 
ing of protons [10] have recently been incorporated 
into the computer programs [11,15]. In ref. [11] the 
good agreement between experimental and computer 
simulated spectra for YBaCuO samples was obtained. 
However, in ref. [15], where CuO samples were investi- 
gated, the agreement was rather poor for the low 
energy parts of the spectra. The simulated curves were 
found to uderestimate the experimental yields. The 
authors of ref. [15] associated this discrepancy with 
probable violation of the Bragg rule for heavy-metal 
oxides such as CuO. 

The RUMP program [45] has been modified to 
handle various nuclear resonances (including the 
O(a, a) resonance around 3.04 MeV), and it has 
been successfully applied to the investigation of metal 
oxides [21]. In spite of the reasonable agreement of 
experimental and simulated sprectra, a correct descrip- 
tion of the background at lower energies was problem- 
atic because of such effects as energy straggling, multi- 
ple scattering and slit scattering. The correct descrip- 


tion of energy straggling is critical for oxygen depth 
profiling with the use of narrow resonances. 
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The resonant ‘O(a, «)'°O scattering was successfully used to determine the depth and lattice location of 0 atoms in UO, 
single crystals subjected to leaching. The results indicate that the transformed region has a O content ~ 20% higher than that in 


the virgin crystal. Moreover, the channeling dips for oxygen could be measured precisely enough to show that the lattice positions 
of oxygen atoms in the leached layer differ from those in the bulk material, as would be expected for the formation of higher oxides 


(U,0,, U,O,) 


1. Introduction 


Interaction of UO, with water leads to the forma 
tion of nonstoichiometric oxides and is of interest both 
in mineralogy and for the technique of disposal of 
spent nuclear fuel elements [1]. 

In the present study, UO, single crystals were 
leached in distilled water between room temperature 
and 200°C for different time periods. Rutherford 
backscattering of 2 MeV He'‘-ions, with and without 
the channeling technique, revealed important changes 
in the surface layer of leached UO, single crystals. A 
peak of displaced U atoms was observed in the aligned 
spectra. This was attributed to the transformation of 
UO, into higher oxides of compositions between U,0, 
and U,O, [2]. 

The kinetics of U,0O, or U,O, layer formaiion was 
indicated to be either controlled by the reaction at the 
UO,/U,0,-U,0, interface or by oxygen diffusion 
through the oxidized layer, depending on the pH value 
of water. The aim of the present work was to deter- 
mine the depth and lattice location of O atoms in UO, 
subjected to leaching by using the resonant 'Ola, 
a)'°O scattering associated to channeling. 


2. Experimental 
The samples used were single-crystalline UO, 


wafers of (100) orientation. They were preannealed to 
adjust the oxygen to metal ratio to the stoichiometric 


' On leave from the Soltan Institute for Nuclear Studies, 
Warsaw, Poland 


value of 2. Leaching was performed in water of differ- 
ent pH value in autoclaves between room temperature 
and 200°C. 

The leached samples were analyzed by resonant 
"O(a, a)'°O scattering in (100) and random direc- 
tions with the ARAMIS accelerator of the CSNSM- 
Orsay [3]. The energy of the He** beam was varied 
between 3.105 and 3.140 MeV in order to displace the 
sharp resonance at 3.045 MeV throughout the trans- 
formed layer. A counting rate lower than 2500 
counts /s(corresponding to a beam current lower than 
10 nA) was always used to prevent pile-up effects. The 
energy resolution was about 15 keV. 


3. Results and discussion 


One of the most important problems related to the 
leaching of UO, is the nature of the transformed 
surface layers. It is commonly accepted that the dis- 
placements of U atoms as seen in the channeling 
spectra are produced by the transformation of UO, to 
a higher U-oxide. The possibility of water incorpora- 
tion can be ruled out for low temperatures or short 
leaching times. The hydrogen content of the layers has 
been measured before and after leaching using the 
ERDA technique [1]. Within the measurement accu- 
racy, no uptake of hydrogen was noted. However, the 
direct proof can only be provided by the measurement 
of the oxygen content in the transformed layer. 

This is a rather difficult task because of the very 
high atomic number of uranium. The ratio of the 
Rutherford scattering cross-sections for U and O 
amounts to: (92 /8)* = 132. In such a case it is impossi- 
ble to detect an O peak on the very intense back- 
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Fig. 1. Random (+) and (100) aligned (@) spectra measured 
at the incident *He energy of 3.105 MeV for a UO, single 
crystal subjected to leaching (200°C, 2 h, water of pH = 6) 


ground due to the scattering from U atoms. Also, 
nuclear reactions do not provide an acceptable tool 
They do not offer a good depth resolution (e.g. the 
Od, p)'"O reaction) or require enrichment in 
'SOC'*O(p, a)'N reaction). The only promising solu- 
tion was to use the resonant ‘O(a, a)'°O scattering 
which presents a sharp resonance at 3.045 MeV with a 
scattering cross-section approximately 25 times higher 
than that for Rutherford scattering [4,5] 

Fig. 1 provides a rather spectacular example of the 
application of resonant scattering for oxygen analysis in 
UO,. Random and aligned spectra are shown for a 
(100) UO, single crystal leached at 200°C for 2 h in 
water of pH = 6. The energy of the incident *He ions 
was 3.105 MeV and exceeded the resonance energy by 
60 keV..In such a case, the resonant scattering takes 
place at a depth corresponding to the maximum in the 
distribution curve of displaced U atoms. It is worth 
noting that quite a high intensity is obtained for the O 
peak in both random and aligned spectra. The intensity 
of the O peak in the aligned spectrum is comparable to 
that of the “damage peak” produced by displaced U 
atoms. The solid line following the experimental ran- 
dom spectrum is the result of the RUMP code simula- 
tion. A small step exists just below the leading edge of 
the experimental O peak. It represents the intensity of 
oxygen scattering in the absence of the resonant scat- 
tering. 

In order to compare the influence of leaching on 
the O content and to determine the lattice location of 
the excess O atoms, another set of spectra was recorded 
at an incident *He energy of 3.140 MeV. At this 
energy, resonant scattering takes place just behind the 
transformed region. Fig. 2 shows the comparison of 
aligned spectra obtained at the two different energies: 
3.105 and 3.140 MeV. It should be pointed out that the 
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0} 7. 
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Fig. 2. Comparison of aligned spectra obtained at two differ- 
ent *He energies: 3.105 (@) and 3.140 (©) MeV for the 
leached UO, single crystal of fig. 1 


U front moves towards higher energies with increasing 
incident energy whereas the O peak is shifted in the 
opposite direction. The latter effect is due to the fact 
that the resonant scattering occurs at a greater depth. 
The integration of the numbers of counts in the oxygen 
peak of the random spectra corresponding to the dif- 
ferent regions of the crystal indicates an increase of 
(22 + 8%) of the amount of O in the transformed layer 
compared to the nondistorted one. 


The angular distribution of the scattering yield 
(channeling dip) can be obtained from such experi- 
ments by the appropriate choice of energy regions 
(windows) in the RBS spectra. A first window was 
located around the maximum of the U peak in the 
aligned spectrum whereas a second one was placed just 


NORMALIZED YIELD 


“05 10 15 
ANGLE 
Fig. 3. Comparison of the channeling uranium (full symbols) 
and oxygen (open symbols) dips for virgin (circles) and trans- 
formed (triangles) regions of the leached UO, single crystal of 
fig. 1 
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behind this peak (i.e. in a region of the crystal not 
affected by the leaching process). The O peak intensity 
was also measured in the two regions after subtraction 
of the background due to U scattering. Fig. 3 shows 
that the U dips do not reveal important differences 
whereas a substantial reduction of the scattering yield 
for the transformed region as compared to the virgin 
one was observed in the O dip for tilt angles ranging 
from 0.5 to 1.5°. 


4. Conclusion 


The results presented in this paper allow to con- 
clude that the resonant ‘O(a, a)'°O scattering is a 
very efficient technique to determine the amount of 
oxygen and its location with respect to the surface of 
leached UQ,. It was shown that (a) the amount of O in 
the transformed region of a single crystal leached in 
water at pH = 6, 200°C, 2 h, is about 20% higher than 
that in the virgin crystal; and (b) the lattice positions of 
O in the transformed region of this crystal differ from 


those in the virgin one. However, the shape of the dips 
and the scattering yields are strongly dependent on the 
tilt plane in which the dip is measured. Thus, the 
precise evaluation of channeling dips is only possible 
by computer simulation. Because of the complex struc- 
ture of atomic rows in compound crystals (UO,, U,0,, 
U,0,) only computer codes based on the Monte Carlo 
method are appropriate. Relevant calculations will be 
done later. 
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Oxygen profiling with the 3.045 MeV ‘O(a, a)'*O resonance 
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Depth profiling of light elements in high-Z substrates can be done with RBS using elastic resonances. With the resonant signal 
in the backscattered spectrum several parameters can be associated such as height, position, yield and FWHM. The dependence of 
the parameters on incident beam energy will be described. The influence of the energy spread and of the detector resolution, which 
limits the use and accuracy, is discussed. Computer calculations are given to establish the validity of the model and to illustrate the 
restrictions. A methodology which uses the different parameters is proposed. Experimental results are shown for the depth 
profiling of oxygen in 20 nm, 89 nm and 500 nm thick oxides with the elastic 3.045 MeV ‘O(a, a)'°O resonance. 


1. Introduction 


Detection of light elements (Z < 10) is very impor- 
tant in material analysis. Among the available analysis 
technique Rutherford backscattering spectroscopy 
(RBS) is interesting because it provides a quantitative 
depth profile without inducing major damage to the 
material [1]. However, due to low scattering cross sec- 
tions for light elements, conventional RBS (2 MeV 
*He) is hampered by a low sensitivity for these ele- 
ments. This is especially the case for the detection of 
light elements in high-Z substrates since then the low 
light-element signal is superimposed on a high “back- 
ground” signal from the substrate. 

While keeping the quantitative nature, depth profil- 
ing of light elements can be done by RBS with higher 
sensitivity by employing nuclear resonances in the elas- 
tic scattering cross sections. Although the background 
of the substrate is still present, the signal to back- 
ground ratio can be highly enhanced. Compared to 
nuclear reaction analysis (NRA), where the back- 
ground can be totally discarded in some cases, reso- 
nant RBS has the advantage that the same equipment 
as for conventional RBS is sufficient. 

Oxygen is among the most important light elements 
in semiconductor industry. It is frequently present in 
processing, sometimes as an unwanted contaminant, 
other times as a necessary element to achieve the 
desired material properties. Depth profiling of oxygen 
by resonant RBS can be performed by employing the 
O(a, a)'©O resonance at 3.045 MeV [2]. This reso- 
nance has recently been applied for the analysis of the 
oxygen contents in high-Z materials [3,4]. Compared to 


0168-583X /92/$05.00 © 1992 — Elsevier Science Publishers B.V. All rights reserved 


high energy scattering at 8.8 MeV where non-Ruther- 
ford scattering gives also an enhanced sensitivity for 
'©O [5], the 3.045 MeV resonance has a better depth 
resolution and at these moderate energies, which can 
still be reached with small accelerators, no resonances 
will occur in substrates with Z > 12 (magnesium) [6]. 

Two methods can be applied for quantitative depth 
profiling when employing resonances. One method is 
to derive the depth distribution from the measured 
spectra by spectrum synthesis: An assumed sample 
composition is iteratively modified to obtain a good 
match of the predicted and the measured energy spec- 
trum. This method, which is commonly used with con- 
ventional RBS analysis, has the disadvantage that it 
will become very difficult for complex samples and 
quickly varying cross sections. The second method is 
resonance scanning whereby the incident beam energy 
is step by step incremented to obtain resonant scatter- 
ing at an ever increasing depth. The area of the reso- 
nance peak is measured at each energy to obtain a 
yield versus beam energy curve. This curve can then be 
converted to a concentration versus depth profile of 
the resonant element. 

The second method requires that a sequence of 
RBS spectra is taken, out of which each time the yield 
is extracted. We will discuss here other parameters 
that can be extracted from the spectrum and which 
carry also information about the sample. The depen- 
dence of these parameters on the incident beam en- 
ergy will be discussed. It will be shown that energy 
spread and especially the detector resolution tend to 
set a limit to the application of the parameters other 
than the yield. 
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2. Resonance probing 
2.1. Parameters 


A commonly used resonance to “probe” the oxygen 
content is the well known '°O(a, a)'°O resonance at 
E, = 3.045 MeV with a resonance width I’, = 10 keV 
[2]. For a given incident beam energy, the presence of 
the light element at the depth where the beam energy 
is reduced to the resonance energy, will give rise to a 
peak in the backscattering spectrum. This light-ele- 
ment signal is usually superposed on a high back- 
ground from the high-Z substrate, so that background 
subtraction is necessary to isolate the light-element 
signal. With the resulting peak four parameters can be 
associated: (1) The peak position Ep, the energy at 
which the resonance peak is detected. This is given by 
a channel number which has to be converted to energy. 
(2) The peak height H»,, the counts in the channel 
corresponding to the peak position. (3) The peak inte- 
gral Ap, the area under the resonance peak or of the 
total light-element signal. To obtain only the contribu- 
tion due to resonant scattering, the nonresonant con- 
tribution has to be subtracted. (4) The peak width I’), 
the FWHM of the resonance peak or of the total 
signal. To obtain the FWHM of the resonance itself, 
the nonresonant background has to be subtracted 
Measuring the FWHM of the total signal with the 
nonresonant contribution gives an additional increase 
of the FWHM. Fig. | shows measured RBS spectra of 
SiO, layers of different thickness on a silicon sub- 
strate. The inset shows the oxygen signal of the 5000 A 
thick layer after (quadratic) background subtraction 
with the relevant parameters indicated. 


Energy (MeV) 
1.2 1.4 

















500 a 
Channel 
Fig Normalized 3.045 MeV ‘He spectra at 166.1° of 
different SiO, films on Si: 204 A (solid line) and 892 A 
(dashed line). The inset shows the simulated 5000 A oxygen 
signal after background subtraction. Relevant parameters are 
indicated 
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2.2. Peak parameters versus beam energy 


The dependence of the peak parameters on beam 
energy will first be discussed from first principles, 
assuming ideal conditions. Afterwards the contribu- 
tions of beam energy spread contributions and detector 
resolution will be discussed. We have worked without 
subtraction of the nonresonant background for the 
parameters because the presence of this nonresonant 
yield is the cause of some of the features which are 
observed. Also the oxygen profile is assumed to be 
contained in the top layer of thickness /. 

With no energy spread of the beam and infinitely 
small detector resolution, the (integral) yield A and 
the channel height H for the element are given by (see 
chapters 3 and 4 of ref. [1]): 


A( Ey) fd A(x) dx 


QD -z, ao(E)N(x(E)) 


cos 0, /e,-ar,, (E/4X)in( E) 


H(E,) =o(E,) 


ee “er y (2) 
[ e( E. )] cos 6, €(E,) 

Here dA(x)=(Q2/cos 6,) o(E,)N(x) dx is the 
scattering yield from the element in the slab between 
depth x and x + dx. N(x) is the atomic density of the 
element in the slab, E, is the mean beam energy in the 
slab. AE... is the energy loss corresponding to the layer 
thickness AE... = /j/°" °(dE/dx) dx. E, is the en- 
ergy corresponding to the channel, K is the kinematic 
factor, € is the stopping cross section and [e(E,)] the 
stopping cross section factor. 2 is the solid angle 
subtended by the detector, Q is the number of incident 
particles, 6, is the tilt angle and # is the width of a 
MCA channel. The backscattering angle @ is generally 
fixed in the case of resonance profiling: @ = 165° for 
"Oa, a)'°O. 

It is always possible to identify a maximum signal 
height in the spectrum. If a resonance is occurring in 
the sample, it will give rise to a peak in the signal 
height, which in any way will present a local maximum. 
To be able to assign the absolute maximum to the 
resonance, three energy regions have to be considered: 
(a) Ey < Eg. There is no resonance and since the cross 

section increases with E, the signal maximum will 

be situated at the front face of the oxygen contain- 
ing layer. The position of this maximum is Ey, ~ 

KE, and the height is Hy ao(E,)N(0) dx. Both 

height Hy and position E,, will increase with 

energy. When E, = Ex the resonant cross section 
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occurs in the top slab: Hy = Hp aa, N(O) dx and 
Ey =Ep = KE, 

E, > Eg. The resonance will occur at the depth X¥, 
where the incident beam energy is reduced to Ex. 
The resonance will present a local maximum with 
height Hp AagpN(Xp) dx and Ep ~- KE, 
(<x /S" BOGE /dy)| on dy, where the integral is the 
energy lost by the ion on its outward path and B is 
the angle between the backscattered beam and the 
sample surface. Because of this additional energy 
loss the resonance will occur in the spectra at an 
energy E, < KE,. However, the height Hy» will 
remain constant, neglecting the influence of strag- 
gling which will be discussed further on. If Ey, 
increases, the resonance will occur at ever larger 
depths and the peak position will shift to ever 
lower values, until the backside of the layer, con- 
taining the element, is reached at an energy E, 
E,+AE 
E, > Ex + AE,,. Resonant scattering no longer oc- 
curs in the film. Since for energies above E, the 
cross sections decrease, the highest cross section 
now occurs at the backside of the layer: Hy, a 
o( Ey, — AE.,)N) dx and Ey - K[E, AE..] 
(5/"" "(dG E/dy)|\ ou dy. Thus the height Hy, de- 
creases while the position E,, increases with en- 
ergy. 

The integral Ap is given by eq. (1) and this for 
every energy region. The FWHM I, is determined by 
the convolution of the oxygen profile with the scatter- 
ing cross section curve and with the energy loss func- 
tion corresponding with the layer. In the ideal case the 
energy loss function would have a zero-width distribu 
tion. Even in this simplified case, there is no analytical 
solution for pC E,), so that it has to be extracted from 
numerical calculations of the oxygen signal for given 
beam energy. The dependence of the parameters on 
the beam energy will be discussed further in section 
2.4. 


eq" 


2.3. Influence of energy spread and detector resolution 


It is hereby assumed that, to an approximation, the 
energy loss function can be described by a Gaussian 
distribution function. However, for the small energy 
loss close to the surface the use of Vavilov distributions 
would be more correct [7]. The different contributions 
to the energy spread are also assumed to be described 
by independent Gaussian distribution functions, of 
which the variances at each depth can be calculated by 
the theory as outlined by Williams and Mller [8]. 

The inherent energy width of the beam together 
with straggling and multiple scattering along the in- 
ward path causes the particles at each depth x to be 
spread out over a number of energies. Resonant excita- 
tion will therefore occur from a certain depth interval 
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5x,.,-, around the mean depth X,. Since the different 
contributions to the energy spread 5E(x) at the depth 
x can be added in quadrature, this depth interval is 
equal to 


5E(kp) 


5x —— - 
(1/cos 6,)(dE/dx)| in 


exc 





4 G2 
SE eo mn 


+8E2 


“strin 


bE 


beam 


tat (3) 
(1/cos 0,)(dE/dx)| in 

Here is 5£,,..,, the energy spread of the incident 
beam, 5E..,, is the energy spread due to straggling 
with inclusion of multiple scattering along the incident 
ion trajectory and 5E£,.., ,,, is the geometrical contribu- 
tion for the incident path (generally negligible). The 
scattering yield dA(x) from a slab between x and 
x +dx then becomes 


dA(x) 


cos @, \/4o 


t veomh Eo; E.) d E. 


x 


x | (Foorenal Eis E s)o(E)) dE |N(x)} da 


(4) 


The first integral accounts for the incident beam en- 
ergy spread with a Gaussian distribution function: 


l 
I beam! Ey; E.) = 


» =] 


S TT = She am 


beam V 


with E, the mean beam energy and 5,,_.., the standard 
deviation of the Gaussian with FWHM = 5E The 
second integral accounts for the energy-loss straggling 
of a given component E, of the incident beam. The 
energy spectrum inside the target is also described by a 
gaussian distribution function: 


beam* 


(E-E(x)) 
foread( E;, E, x) = ——z=— exp 


> 
5 spread V <7 


V2 
al Scoread( x ) 


where E(x) =E, — [f/°°°(dE/dy)| on dy is the 
mean energy at depth x to which an incident ion with 
energy E;, is reduced, 5,,,.,g(*) is the depth dependent 
standard deviation, which includes energy-loss strag- 
gling as well as multiple scattering and geometrical 
contributions. 

Calculation of eq. (4) at each depth will give us the 
excitation function for the light element (oxygen): this 
is the amount of backscattering at each depth. Integra- 
tion of eq. (4) over the whole layer containing the light 
element, would give the integral yield of that element. 
The effect of energy spread is a smearing out: the 
oxygen contribution at a certain energy comes from a 
certain depth interval and the excitation function will 
broaden. 
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Since the elastically scattered particles have to travel 
backwards through the sample to reach the detector, 
contributions along the outward path as well as the 
finite energy resolution of the detector have to be 
taken into account to describe the actual shape in the 
spectrum. The additional energy spread of the outgo- 
ing particles, induced by straggling, multiple scattering 
and geometrical contributions from the effective detec- 
tor acceptance angle, combined with the detector reso- 
lution 5£,.,, which will be under normal incidence the 
major component, can be described by a Gaussian 
energy distribution. Convolution of this gaussian with 
the excitation function gives an additional smearing out 
of the oxygen signal in the spectrum. The dependence 
of the peak parameters on the detector resolution is 
discussed in section 2.4. 


2.4. Calculations and results 


Spectrum simulations are performed with a modi- 
fied version of the simulation package RUMP [9]. The 
program has been in-house adapted to handle the 
resonant scattering of *He** from oxygen. All sharp 
and broad resonances between 2.4 and 6.5 MeV have 
been included. The adaptation follows the scheme out- 
lined in refs. [10,11]. To obtain the spectrum with 
energy spread inclusion, the idealized spectrum has to 
be convoluted with a Gaussian with depth(—energy)- 
dependent variance. The variance at each depth is 
calculated according to the theory as outlined by 
Williams and Mller [8]. For the geometrical contribu- 
tions the beam diameter is taken to be 2 mm, the 
distance of the detector to the target is 10 cm and the 
7 mm. This 
corresponds to an effective detector acceptance angle 


detector width in the scattering plane is 


of > 4°, which is too large to achieve good resolution, 
considering the rapid variation of the resonant cross 
section with backscattering angle @. 

In fig. 2 the calculated oxygen signals are shown for 
resonant scattering at 3.045 MeV from 892 A thick 
SiO, layers on Si, and this for different values of the 
detector resolution. The height and yield are given in 
normalized units, according to the RUMP notation [9]. 
The 892 A SiO, gives an equivalent energy loss AE, 
= 19 keV for beam energies around 3 MeV. Also 
shown is a reference signal, calculated with inclusion of 
only the straggling contribution. As can be seen the 
signal tends to be smeared out with increasing detector 
resolution: the signal maximum shifts towards lower 
energies while the maximum height decreases. The 
signal integral yield, however, is independent of the 
detector resolution and thus remains constant. The 
total yield A depends only on the scattering excitation 
function and is obtained by integration of eq. (4) over 
the layer containing oxygen. A is thus only dependent 
on contributions along the inward path. 
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2. Calculated contribution of the oxygen signal to 3.045 


MeV ‘He backscattering spectra of a 892 A SiO, film on Si 
for different 5£,.,: 0 keV (solid line), 10 keV (dashed line) 
and 20 keV (dotted line). The smearing out of the resonant 
signal is visible, yielding a decrease of the peak height and a 
shift in position to lower detected energies, as well as the 
increase in FWHM. However, the area of the signal remains 


Fig 


constant 


It is important to notice that the shape of the 
resonance peak in the elastic cross section curve is not 
symmetrical. There is also a nonresonant ‘background’ 
to the sides of the resonance peak. Therefore the 
resonance can not be described by a Breit—Wigner 
dispersion formula, which is symmetrical. In fact a thin 
film with constant oxygen concentration will sample 
the cross section curve from the beam energy E, down 
to the energy E, — AE... This is clearly seen in fig. 2 
where the reference signal (without energy spread) is 
proportional to the oxygen cross section curve, sampled 
by the 892 A oxide from ER, = 3.045 MeV down to 
Ex — AE, = 3.027 MeV. Thus the oxygen signal has 
clearly an asymmetrical shape with a median at an 
energy lower than Ex. Since the convolution of this 
signal with a Gaussian to include the energy spread 
and detector resolution, acts as a kind of smoothing 
and averaging through the nonzero tails of the Gauss- 
ian, the maximum of the convoluted signal will shift 
towards the median and will decrease in height. 

Figs. 3a—3c show the dependence of the parameters 
on the beam energy for different detector resolutions 
SE... The signal height and the integral yield are 
shown in fig. 3a. Whereas the yield is independent of 
the detector resolution, the maximum signal height 
decreases with increasing 5£,.,. With increasing 5£,., 
also the shape of the curves becomes more rounded 
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and the plateau, corresponding to the constant oxygen 
concentration, decreases in width. The yield curve, on 
the other hand, shows no plateau at all because the 
yield corresponds to a much larger “sampled” depth 
interval than for the height. 

The position of the signal maximum exhibits the 
behaviour described in section 2.2 (fig. 3b). Around E, 
the resonance occurs in the sample and the position 
decreases with increasing beam energy as the reso- 
nance is at fixed energy. Outside the energy interval 
[E,, Ep +AE,,) the position of the maximum in- 
creases. For larger detector resolution, the position is 


“3020. 3040 


1090 } 


10855020 ° 3040 3000 3080 
Beam Energy (keV) 
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shifted towards the median and thus the backscattered 
energy interval between the two turning points, corre- 
sponding to the two interfaces, decreases. These turn- 
ing points correspond to the interfaces and occur at 
fixed beam energy independent of 5£,,... 

Fig. 3c shows the FWHM of the oxygen signal 
measured without nonresonant background subtrac- 
tion. This FWHM is a complex function of beam 
energy, determined by the convolution of the concen- 
tration profile with the scattering cross section curve. 
Although no measure of the resonance width, it gives 
an indication about the general shape of the oxygen 


3060 3080 ~ 


Beam Energy (keV) 


] . . . . . & 
103020 3040. 3060 3080 
Beam Energy (keV) 


Fig. 3. Calculated peak parameters versus beam energy for a 892 A SiO, film on Si for different 5£,.,: 0 keV (solid line), 10 keV 

(dashed line) and 20 keV (dotted line). (a) Resonance height and integral yield. The probing resolution decreases with increasing 

detector FWHM. The yield curve is independent of the detector resolution. (b) Resonance peak position. The decrease of the 

energy range between the turning points due to increasing detector is clear. (c) FWHM of the oxygen signal. The convolution of 
resonance and profile becomes more obscured with increasing 5E,., 
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signal in the spectrum. For 5£,., = 0, the decrease of 
the FWHM for E, < 3045 keV and the increase for 
E,, > 3065 keV with increasing energy is due to respec- 
tively the occurrence and the disappearance of reso- 
nant scattering in the oxide layer. Between these ener- 
gies the signal is very peaked. With increasing 5£,., 
the features are smeared out and the oxygen signal will 
have less sharp features 

The influence of the detector resolution on the 
parameters is shown in fig. 4. Various oxide thick- 
nesses have been considered for a 3.045 MeV He beam 
at normal incidence. At low 5E,,, the FWHM is little 
influenced while at high d5£,., it increases with the 
detector resolution (fig. 4c). With increasing 5£,., the 
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height decreases, the more rapidly the thinner the 
oxide is because then the tails of the Gaussian con- 
tribute less to the signal (fig. 4a). Also the peak posi- 
tion decreases with increasing 5£,., (fig. 4b). It de- 
creases towards the median of the profile until at high 
5E,., these become identical: the shape then is Gauss- 
ian, dominated by the detector resolution 

The former results are obtained in the assumption 
of perfectly flat samples. Surface topography will also 
influence the shape of the spectrum. Surface roughness 
(with random distribution) will contribute to a further 
degradation of the energy resolution. It can roughly be 
described by an additional Gaussian for both inward 
and outward path, to be included in the convolution. A 


30 40 S50 
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Detector resolution (keV) 
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0 10 20 30 40 50 
Detector resolution (keV) 


Fig. 4. The calculated influence of the detector resolution is shown for backscattering at 3.045 MeV from three oxide thickness 
3000 A (solid line), 892 A (dashed line) and 204 A (dotted line). (a) Resonance peak height, (b) peak position and (c) FWHM of the 
oxygen signal. 
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detailed discussion is not attempted in this paper 
Surface roughness is further not considered. 


3. Methodology 


In view of the previous, one could consider depth 
profiling methodologies using the different parameters 
Both peak height and peak area (yield) can be used as 
a probe to determine the element concentration as a 
function of depth. The peak position would in principle 
allow to calculate the depth at which the resonance 
occurs. However, the depth scale can be determined 
more conveniently and more accurately from the inci- 
dent beam energy. The peak position could be used to 
assign local maxima to the occurrence of a resonance 
in the case of a peaked profile. If the resonance occurs 
at low concentrations, the profile maximum can yield a 
higher nonresonant signal. Following the position as a 
function of beam energy allows to discard points that 
do not correspond to resonant scattering. The FWHM 
is of no direct use for determining a depth profile and 
will not be discussed further. 

Compared to the integral yield, the use of the peak 
height has the following advantage: whereas the yield 
always samples a depth interval corresponding to I’, 
(+ the energy resolution), the height allows in principle 
to probe a smaller depth interval (about the energy 
resolution along the inward path). The previous advan- 
tage is obstructed by the finite detector resolution (and 
outward path contributions), which are of no concern 
for the yield. The probing accuracy decreases with 
increasing detector resolution, due to shifts and a 
decrease in height. A clear disadvantage is that the 
statistics are much lower, so that scatter is greater and 
a larger dose has to be collected. This larger scatter 
can induce errors in the assignment of the signal maxi- 
mum. Also is it more difficult to extract the correct 
height and position than to extract the yield from the 
spectrum. 

For actual depth profiling, subtraction of the non- 
resonant background may be done, if one bears in 
mind the influence of it on the parameters. For the 
height, the subtraction would imply the subtraction of 
a constant from the determined value, for the integral 
this would yield subtraction of a nearly constant value 
and for the FWHM this certainly would give a much 
better measure of the convolution of the resonance 
peak with the profile. 

Tracing the peak position as a function of energy 
would allow to unambiguously identify the resonant 
peak. However, the position can only be extracted with 
limited accuracy. The recorded spectrum should corre- 
spond as closely as possible to the true spectrum. Since 
the spectrum is discretisized into a series of channels 
and each channel corresponds to a certain energy 
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interval over which the true spectrum is summed, this 
implies a small channel width #. The channel contain- 
ing the resonance, will present a local maximum. The 
smaller the channel width, the higher the accuracy with 
which the peak position can be identified. The uncer- 
tainty is in fact given by #. On the other hand, the 
smaller #, the lower the height per channel per beam 
dose. Thus statistical scatter will be larger and obscure 
the position of the maximum. For given statistical 
scatter, the required dose will be higher for smaller 
channel widths. A compromise between dose and accu- 
racy Is necessary. 


4. Experimental results 


The experiments are carried out on a tandem type 
accelerator, NEC 5SDH-2 1.7 MV terminal. The 3.045 
MeV '°OCa, a)'°O resonance is applied for the profil- 
ing of oxygen in SiO, layers, with various thicknesses: 
204 A (AE, = 4.3 keV), 892 A (AE. = 19 keV) and 
5000 A (AE... = 109 keV). The thicknesses have been 
obtained by spectroscopic ellipsometry. The samples 
have negligible surface roughness. The energy was cali- 
brated by employing the '°O(a, a)'°O resonance itself, 
due to the absence of other possibilities. The energy 
was determined from the energy scans which were 
performed. Inspection afterwards has revealed that 
this might have induced a systematic offset of a few 
keV. However, this only shifts the energy scale, without 
distorting it. The calibration was reproducible within 
the accelerator setting uncertainty for independent 
runs. 

Two different setups were used for the experiments, 
both with a scattering geometry of 6, = 6, = 166 
solid angle 22, = 1.6 msr and £2, = 3.8 msr and effec- 
tive acceptance angle dé, = 2.8° and dé, = 4.2°. The 
data acquisition presents the main difference: in setup 
| the MCA has a fixed division of 1024 channels with 
#, = 1.9 keV /channel and in setup 2 the division is 512 
channels with #, = 3.66 keV/channel. In view of the 
remark made on the channel width # in section 3 
more accurate measurements of the energy position 
can be obtained with setup |. The energy variation for 
the scan was carried out by manually varying the termi- 
nal setting (setup 1) or by application of the target 
biasing technique [12]. 

In fig. 5 the measured peak height and integral yield 
versus beam energy is shown for a 892 A oxide on Si 
(experiment with setup 1). The yield curve is peaked 
around 3050 keV and as such does not give a good 
indication of the constant profile. The signal height, 
however, exhibits a kind of plateau which is more in 
correspondence with the constant oxygen profile. The 
detector resolution, extracted from the spectra is found 
to be about 25 keV. This high value is mainly due to 
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Fig. 5. Measured peak height and peak yield versus beam 

energy for a 892 A SiO, film on Si with perpendicular beam 

incidence. In contrast to the yield curve, the height exhibits a 

kind of plateau in correspondence with the contrast oxygen 
concentration 


degradation of the long-used detectors. The measured 
peak position is not shown: there was a large scatter on 
the data due to the fact that #= 4.7 keV/channel, 
therefore the expected behaviour (fig. 3b) was hardly 
discernable. Fig. 6 shows the measured peak height 
and position for the same 892 A oxide, but now mea- 
sured with setup 1. The height curve is roughly the 
same, apart from the data scatter. The position clearly 
exhibits the expected behaviour, though also the scat- 
ter is relatively large. The discrepancy at 3055 keV is 
caused by a discontinuity in the manual energy scan, 
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Fig. 6. Measured peak height and peak position versus beam 

energy for a 892 A SiO, film on Si with perpendicular beam 

incidence. The position follows globally the expected be- 

haviour, the large scatter is due to inaccurate position extrac- 
tion limited by the finite energy scale @. 
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Fig. 7. Measured peak height and peak position versus beam 
energy for a 204 A SiO, film on Si with perpendicular beam 
incidence. The height curve is very peaked, a plateau is not 
reached due to the to high energy increment. The position is a 
straight line, a decrease in energy not being measurable 


which could also be evidenced in the shift of the 
Si-leading edge. The extracted detector resolution is 
14.8 keV. 

The peak height and position versus beam energy of 
a thin 204 A oxide are given in fig. 7 (experiment with 
setup 1.) No plateau is visible in the height. This is 
partly due to the influence of the detector resolution 
which is 14.8 keV. The spectrum for such a thin oxide 
was always nearly Gaussian without any distinct fea- 
tures. Apart from this, the expected plateau width is so 
narrow (4 keV) that it would not show up with the used 
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Fig. 8. Measured peak height and peak position versus beam 

energy for a 5000 A SiO, film on Si with perpendicular beam 

incidence over a limited energy range. The peak position 

follows the expected behaviour. The variations in height 
around E, are due to normalization errors. 
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energy increment of 3 keV. The position is almost a 
straight line with a plateau around 3.045 MeV. The 
moving towards lower energy of the position is not 
discernable. 

Finally, results of position and height for a thick 
5000 A oxide are shown in fig. 8. Due to the large 
thickness, only a partial scan over 80 keV is performed. 
The results show the expected behaviour of peak height 
and position. The experiment is carried out in chamber 
2 with the target biasing technique. The variations in 
height around E, are due to a systematic error in the 
normalization of the spectra, necessary with the target 
biasing technique. 


5. Conclusion 


In depth profiling with elastic resonances, such as 
the '°O(a, a)'°O resonance, different parameters can 
be extracted form the recorded spectrum at each en- 
ergy. The variation of the peak height, position, yield 
and FWHM with incident beam energy is discussed for 
normal incidence. The influence of energy spread in 
the sample and of the detector resolution on the pa- 
rameters is shown. Especially the detector resolution 
has a major influence on the shape of the backscatter- 
ing signal. 

A depth profiling methodology using the peak height 
as a probe has been proposed. Advantages and restric- 
tions when compared with the use of the yield are 
discussed. It is clear that the detector resolution sets a 
practical limit to this application. With better detector 
resolution more accurate results can be obtained. The 
former has been experimentally illustrated for the 
depth profiling of SiO, layers of different thickness. 
However, better results can be obtained when the 
experiments are performed with higher resolution than 
in these preliminary experiments. 

Tilting the target might yield an increase in accu 
racy since the profile will be stretched and will corre- 
spond to a greater energy interval. In principle this 
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larger interval can be probed with higher accuracy and 
depth resolution. However, energy spread contribu- 
tions will also increase for the larger path lengths 
involved. Also the surface roughness will become the 
limiting factor for the application of tilting. Further 
theoretical and experimental investigation of this is 
necessary. 
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A clinical in-vivo experiment had been carried out to compare two caries preventing fluorine varnishes. The fluorine depth 


profiles in the near surface region of tooth enamel were measured using the 935 keV resonance of the nuclear reaction 


F(p.p'y)'°F 


The results can be understood by studying the fluorine anamnese of the patients 


1. Introduction 


One of the most efficient methods of caries preven- 
tion is the repeated local application of fluorine con- 
taining gels or varnishes in a certain time interval [1,2]. 
To optimize this procedure a knowledge of the time 
behavior of fluorine within the near surface region of 
the treated enamel is necessary. To study this in the 
case of two lacquers, a test was undertaken under 
comparable conditions followed by measurement of 
fluorine depth profiles using PIGE (proton induced 
gamma-ray spectrometry). 


2. Sample preparation 


Two different NaF-based anti-caries lacquers (the 
well-known Duraphat” and the newly developed 
Lawefluor™) were tested under clinical conditions. A 
group of 10 to 14 years old patients was chosen whose 
symmetrical premolars had been ordered for extraction 
because of jaw orthopedical problems. 

Whereas 3 teeth were touched with the drug in vivo, 
one served as a control and was extracted before 
starting. According to a time interval of | day, 3 weeks 
and 3 months the 3 treated teeth were extracted, their 
roots were cut off and the labial sides were separated 
In this regime 40 teeth from 10 persons were prepared 
for investigation, half of them for each varnish. 


3. Experimental arrangement 

The measurements were carried out at the 2 MeV 
Van de Graaff accelerator at the Physics Department 
of the University of Leipzig. The principle of depth 
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profiling using resonance gamma reactions has been 
described by several authors, for instance see [3]. Here 
the nuclear reaction '’F(p,p’y)'°F at the resonance 
energy of 935 keV served as the tool [4]. This allowed a 
profiling depth of up to 3 pm with an initial depth 
resolution of 100 nm for protons incident at 45° to the 
target surface. Four samples mounted on the rotatable 
target holder enabled targets to be exchanged without 
breaking the vacuum of 10~* Pa. 

A beam collimated to | mm diameter was used to 
irradiate the centre of the labial sides of the premolars 
and a 55 cm* Ge(Li) detector with an energy resolution 
of 3.6 keV at E, = 1332 keV was used to record the 














100 200 
hannel 
Fig. 1. Gamma spectrum of tooth enamel bombarded with | 
MeV protons recorded with a Ge(Li) detector 
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reaction gamma quanta (fig. 1). The detector was placed F-Profiies 
outside the scattering chamber at a distance of 5 cm to 
the beam spot. With a mean proton current of 100-150 
nA a charge of 20 uC was collected for each depth 
point. CaF, crystals covered with a 15 nm thick Au 
layer to ensure electrical conductivity served as stand- 
ards. A potential of — 200 V at the scattering chamber 
suppressed secondary electron emission. 


4. Results 


Fluorine measurements were shown to be indepen- 
dent of the varnish type and can be summarized in 3 
groups showing a very different behavior which is con- 


nected to the fluorine anamnese (figs. 2, 3 and 4). F-Ratios treated/untreated 
Group | is characterized by a value of 500-1400 


ppm F in the control samples. In this case the fluorine 
content after | day and also 3 weeks reaches values up 
to 4000--5000 ppm F followed by a strong decrease 
after 3 months. No person in this group had a clinical 


F-Profiles 


. 


~ 


Fig. 3. Fluorine depth profiles and fluorine enrichment factor 


of treated /untreated enamel versus depth in group 2 


F-uptake prior to this experiment and therefore had a 
high enrichment compared to the control samples. 

Members of the second group with concentrations 
in the range of 1500-3000 ppm F show no systematic 
behavior. Consequently the enrichment factor treated 

F-Ratios treated/untreated untreated enamel varies very strong. From fluorine 
anamnese a noncontinuous clinical F-uptake was ascer- 
tained. 

Members of group 3 show no influence of the 
varnish application to the fluorine profile. These chil- 
dren had received an intensive caries prevention treat- 
ment with fluoride tablets before this investigation. In 
this group the control samples show amounts of 2500- 
5000 ppm F 


5. Conclusions 
Summarizing the results for both varnishes one can 
point out: 
Fig. 2. Fluorine depth profiles and fluorine enrichment factor (a) The fluorine enrichment and time behavior of the 


of treated /untreated enamel versus depth in group | fluorine profiles are very similar. 
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F-Profiles 


(b) The necessary time interval for a repeated varnish 
application is not lower than 3 months. 
(c) The fluorine amount in the near surface region of 


tooth enamel before starting the lacquer applica- 
tion influences strongly the degree of enrichment. 
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Fig. 4. Fluorine depth profiles and fluorine enrichment factor 
of treated /untreated enamel versus depth in group 3 
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The investigation of the fluorine uptake in tooth enamel 
after the application of a NaF containing varnish 
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The 935 keV resonance of the '*F(p,p’y)'°F nuclear reaction was used to determine fluorine depth profiles in human tooth 
enamel for three separate cases. These investigations allowed conclusions to be drawn about the interaction processes between the 


oral milieu containing fluorine, and the enamel surface. 


1. Introduction 


This paper summarizes the results of three studies 
designed to explore various interaction processes at the 
surface of tooth enamel after treatment with a varnish 
containing NaF. Depth profiling investigations were 
performed to examine the fluorine uptake in enamel 
using the '*F(p,p’y)'’F nuclear reaction, with particu- 
lar attention paid to the processes that are responsible 
for the long term deposition of fluorine. This allowed 
conclusions to be drawn concerning the temporal cy- 
cling of NaF varnishes for caries prevention. 


2. Materials and methods 


The principle of fluorine depth profiling, using the 
PIGE technique, is discussed in detail! in ref. [1]. The 
935 keV resonance of the '*F(p,p’y)'°F nuclear reac- 
tion (E, = 110 keV) was used to determine the fluorine 
distribution in the enamel. The incident proton energy 
was varied from 940 to 1180 keV, in seven steps. The 
advantages of using this resonance are that the cross 
section is very high [2], thus facilitating the profile 
measurement, and that it allows fluorine to be profiled 
to a depth of 3 um in enamel before next resonances 
disturb the results. The disadvantage of the chosen 
resonance is that the depth resolution is limited to 
At = 120 nm at the surface of smooth enamel. How- 
ever, in practice the surface of the tooth enamel is not 
smooth and the influence of the surface roughness on 
the depth resolution must be considered [3]. The total 
depth resolution Af,,,,, is the result of the convolution 
of the surface roughness depth resolution and the ideal 
smooth target depth resolution [3]. For enamel Af...) 
varies between 500 to 800 nm in the first 1 4m surface 
region of material at an incident angle of 3; = 0°. 
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The first experiment was designed to compare the 
fluorine uptake in sound enamel with the uptake in 
demineralized enamel. Four incisors were used. A piece 
of each incisor was removed and exposed to a deminer- 
alizing agent (hydroxylethylcellulose, pH = 5.1) for one 
hour to simulate the acidic action of bacteria in vivo. 
These demineralized samples, together with a second 
set of samples from each incisor, were then treated 
with the NaF containing “Duraphat”” varnish for one 
day. A third piece from each incisor was removed 
which acted as a control. 

The second experiment investigated the relation 
between the fluorine uptake and fluorine concentra- 
tion in enamel before the application of the varnish, 
the so-called fluorine preconcentration. This study was 
conducted using 4 premolars from each of 16 subjects. 
One of the premolars was removed before the NaF 
containing varnish was applied, the remaining premo- 
lars were removed 1 day, 3 weeks and 3 months, 
respectively after the application of the varnish. 

The final experiment examined the uptake of fluo- 
rine in hydroxylapatit (hap) and enamel during dem- 
ineralization in a hydroxylethylcellulose medium (pH = 
5.1, fluorine content about C,=0.2 pg/g). During 
these measurements 24 pressed hap samples and 24 
pieces of enamel, produced by cutting 6 incisors into 
quadrants, were analyzed. These quadrants from each 
tooth were separated to form four groups of six and 
the hap samples were also divided into four groups of 
six. A hap group and an enamel group were taken and 
then simultaneously exposed to the demineralizing 
agent for a set period of time. The times chosen for 
these exposures were 2, 72, 144 and 288 h. The changes 
in the enamel and hap matrix element concentration 
were revealed by Rutherford backscattering spectrom- 
etry (RBS) using 1.7 MeV He” ions at incident angles 
0, =0° and 3, = 30° and a scattering angle 0, = 160°, 
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(a) 


> untreated + treated with varnish * demin.+treat. w. va 


Fluorine uptake in tooth enamel 


> untreated * treated with varnish * demin.-treat. w. va 


Fig. 1. A comparison of the fluorine uptake | day (a) and 7 days (b) after the in vitro application of a NaF containing varnish in 
sound and demineralized enamel 


and particle induced X-ray emission spectrometry 
(PIXE) using 1.7 MeV p* and He” ions. 


3. Results 


A typical example of the change in fluorine concen- 
tration after the varnish application in the untreated 
and demineralized enamel is shown in fig. 1. It can be 
seen that fluorine, from the NaF containing varnish, 
remained in the demineralized enamel for a longer 
time period than in the sound enamel. 

The temporal changes in the fluorine concentration 
after the application of a fluorine containing varnish to 
teeth with different fluorine preconcentration are 
shown in fig. 2. Fig. 2a shows that immediately after 
the varnish application a strong increase in the fluorine 
concentration occurred in enamel containing a low 
fluorine preconcentration, and that this enamel had 
retained about 60% of the applied fluorine after a 
period of three months. Fig. 2b shows that for enamel 


(a) 


- 


Fig. 2 


with a high fluorine preconcentration no changes oc- 
curred in the fluorine concentration over the same 
three months time. 

The results of the third experiment show that the 
chemical composition of the enamel changes with in- 
creasing demineralization time. The RBS and PIXE 
measurements, shown in fig. 3a, indicate that these 
changes are also depth dependent. Surprisingly, the 
fluorine concentration in the enamel increased with 
increasing demineralization time despite the low fluo- 
rine concentration in the demineralizing medium (C, 
=(0.2 wg/g). No depth dependent changes in the 
matrix composition nor increases in fluorine concentra- 
tion as a result of demineralization were observed in 
the hap samples. 


4. Discussion 


The main results of the three experiments are sum- 
marised as follows: 


The influence of (a) low fluorine preconcentration and (b) high fluorine preconcentration on the fluorine uptake in enamel 
after the application of a NaF containing varnish 
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(a) 


Demin.-time 


2 hours * 72 hours ~*- 240 hours 


Fluorine uptake in tooth enamel 


depth region 
(0.20) nm * (0.100) am * (0.1300) nm 
(0.2000) am =~ (0.6000) am 


Fig. 3. The relation between the fluorine uptake and the mineralization processes 


(1) A short demineralization of enamel, before an ap- 
plication of a fluorine containing varnish, led to a 
long term deposition of fluorine in enamel. 

(2) The fluorine uptake decreased as the fluorine pre- 
concentration in the enamel increased. 

(3) Fluorine was preferentially taken up in demineral- 
ized enamel. 

These results show that the fluorine uptake, after 
the NaF varnish is applied, is directly connected with 
the mineralization processes at the enamel surface. 
This is demonstrated by the long term uptake of fluo- 
rine after a short term demineralization as shown in 


fig. 1, and can be explained by the production of 


soluble enamel components during demineralization 
which chemically react with fluorine to build stable 
compounds. These results allow the following model of 
fluorine uptake in enamel to be constructed: 


1. The acidic action of bacteria causes the 
demineralization of enamel. 
| 


+ 
2. Fluorine reacts with the soluble enamel components 


¥ 
3. Stable compounds are built. 


. 
4. The long term deposition of fluorine in the enamel 
results. 


The practical consequence is that an acidic medium 
must be applied to the enamel directly before the 
application of the NaF containing varnish. 
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The use of nuclear techniques based on proton-induced gamma-ray emission for the detection of fluorine in coal and coal fly 
ash samples is presented. The method is applied to investigate fluorine enrichment phenomena in the coal combustion cycle taking 
into account the combustion itself and the abatement process. In particular, we analyzed coal samples as well as integral and size 


fractionated fly ash samples collected at the inlet and outlet units of a 3 MWe pilot electrostatic precipitator (ESP). This was 
installed in a slip stream derived from the flue gas duct of a power plant burning South African coal. Fluorine enrichment factors in 
the pathway from coal to fly ash and their dependence on the different ESP operating conditions have been studied 


1. Introduction 


The assessment of environmental impact of particu- 
late matter emitted by coal fired power plants and the 
technological research for the improvement of abate- 
ment systems require detailed information on element 
concentrations in coal and in emitted fly ash, in partic- 
ular with respect to particle size distribution, and the 
characterization of element partitioning among coal 
products through the combustion cycle. 

A lot of research work is carried out especially for 
toxic elements [1]. Among them, fluorine is of particu- 
lar interest since its concentration in fly ash is enriched 
on the finest particles whose preferential penetration 
through emission control devices is relevant. The most 
important toxic effect of fluoride on human health is 
skeletal fluorosis, which is endemic in areas with soils 
and water containing high fluoride concentrations. In 
non-endemic areas, skeletal fluorosis has occurred as a 
result of industrial pollution. Besides the potential 
environmental and health risk, fluorine is of technolog- 
ical concern for its association with corrosion phenom- 
ena. 

On the other hand fluorine has been studied less 
than many other elements because of analytical diffi- 
culties [2]. PIGE (proton-induced gamma-ray emission) 
technique, based on the detection of gamma rays fol- 
lowing nuclear reactions, is effective for fluorine detec- 
tion and has been extensively applied to the analysis of 
thick samples [3-7]. As for thin samples, no literature 
data have been found, although in this case PIGE 
would be quite convenient, taking into account that fly 
ash samples are generally available in small quantities. 


In this context we developed an experimental setup for 
PIGE analysis of thin samples, based on the use of an 
energy spread proton beam in order to overcome diffi- 
culties associated with nuclear cross section fluctua- 
tions [8]. 

In this work the PIGE technique was applied to 
fluorine analysis of pelletized coal and thin fly ash 
samples collected at the inlet and outlet units of a pilot 
electrostatic precipitator (ESP). Fluorine concentra- 
tions in emitted fly ash have been correlated with its 
concentration in coal and with the ESP operating con- 
ditions. In particular, the influence of the different 
ESP excitation modes as well as the dependence of 
fluorine concentration and enrichment phenomena on 
the ESP abatement efficiency for fly ash total mass 
have been studied. 


2. Experimental 
2.1. Sampling and sample preparation 


Pulverized South African coal (Amcoal) samples 
were collected twice a day during the investigation 
period. Ash sampling was carried out at the inlet and 
outlet units of a 3 MWe pilot electrostatic precipitator 
(ESP) installed in a slip stream derived from the flue 
gas duct of a power plant [9]. In series in this ESP were 
two electric fields 5 m long and 3.75 m high. During 
the investigated period the precipitator was working in 
either conventional or pulsed energization mode and 
with different plate spacings from 300 to 500 mm. For 
integral sampling we used a standard isokinetic probe 
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(with automatic flow control) connected to ceramic 
filters. Size fractionated fly ash samples were collected 
at the ESP inlet unit using an Andersen high-capacity 
stack sampler, with two impaction stages, a cyclone and 
a thimble backup filter. 

We analyzed thick pellets of coal and thin samples 
of fly ash. A small quantity of fly ash, after grinding, 
was suspended in cyclohexane and filtered through a 
previously weighed Nuclepore filter, which was finally 
coated with a thin layer of polyvinyl acetate in order to 
prevent material loss. The thickness of filtered samples 
was in the range 0.1—1 mg/cm’. 

2.2. Analytical technique 

For F analysis of coal samples, thick-PIGE has been 
applied. Coal samples were powdered and pelletized, 
and then bombarded with 6.5 MeV protons for a 
known recorded charge with 10-20 nA beam current 
The '’ F(p, a,y)'°O reaction (E, = 6129 keV) was used 
The quality control was performed by the analysis of 
NIST reference materials 1633a and 1635. 

Fly ash, prepared as thin samples, have been ana- 
lyzed using the Cise 3.5 MV tandem VdG accelerator, 
whose PIXE-PIGE setup is extensively described in 
ref. [8]. Although more than twenty-five elements are 
simultaneously detected in an ordinary irradiation, in 
this work we restrict the presentation to fluorine re- 
sults. The gamma rays are detected by a high purity Ge 
detector at 90° to the ion beam at a distance of 6 cm 
from the target. Within the energy range of the Cise 
accelerator and taking into account the efficiency of 
the gamma detector, the most suitable reactions for 
fluorine detection are '’F(p, p,;y)'°F (E, = 110 keV) 
and '’F(p, pjy)'’F (E, = 197 keV). 

The excitation functions of these reactions had been 
previously measured in the proton energy range 2.2-3.8 
MeV (fig. 1) [10]. In order to carry out a straightfor- 
ward quantitative analysis with respect to standard 
reference samples, an energy spread proton beam is 
used so that the fluctuations in the excitation functions 
are smoothed out. In particular, the proton beam, 
before entering the irradiation chamber, passes through 
a rotating aluminium disc whose sectors have different 
thicknesses so that the final energy distribution is a 
rectangle about 270 keV wide, which is the typical 
proton energy loss in samples as thick as 1 mg/cm? 
and made up of particles not larger than 20 pm. The 
resulting excitation functions are shown in fig. 2. Al- 
though the 197 keV fluorine peak has a higher yield, 
we chose the 110 keV one because its yield curve 
depends less on energy and can be easily taken into 
account in the quantitative analysis of samples with 
different thicknesses. 

The irradiations were carried out at a proton pri- 
mary energy (that is before the aluminium diffuser) of 
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E, MeV 
Fig. 1. Gamma-ray yields (counts / uC /g/cm’) for reactions 
F(p, pyy)'’F (E, = 110 keV) and Fp, pyy)'°F (E, = 197 
keV) at @,,,, = 90° [10] 





1 Boos 
3.5 3.6 


E, (Mev) 





Fig. 2. Gamma-ray yields (counts /.C /pg/cm’) for reactions 

on F, measured with a proton beam whose energy spread is 

about 270 keV. The energy scale refers to the primary energy 
(section 2.2). 


Ill. CONTRIBUTED PAPERS 





300 A. Caridi et al. 


Table | 
Properties (dry basis) of South African coal (Amcoal) 





Moisture 8.1% 
Ash content 15.7% 
Volatile matter 28.7% 
Sulphur 0.7% 
Hydrogen 3.9% 
Nitrogen 1.7% 
Carbon 70.3% 


Calorific value 6570 kcal/kg 





3.52 MeV. System calibration was done by using Micro- 
matter standard reference samples [11]. The detection 
limit for F in thin fly ash samples filtered through 
Nuclepore filters is 10 ppm. Both 110 and 197 gamma 
rays were produced by the '*O(p, y)'°F reaction. To 
check interference contributions, a Nuclepore filter 
(18% O) was irradiated; the '°O(p, y,)'’F (E, = 495 
keV) and '’O(p, p,y)'’O (E, =871 keV) lines were 
present but the '*O lines were not detected. According 
to Demortier [3] and Bird [4] this contribution does not 
affect fluorine detection accuracy. 


3. Results and discussion 


We have investigated fluorine enrichment in two 
steps: first from parent coal to fly ash just before the 
ESP, and secondly through the abatement device. 

Table 1 reports the properties of South African 
(Amcoal) coal. The average F concentration in coal 
was about 40 ppm while in fly ashes collected at the 
ESP inlet it was 255 + 50 ppm. The normalized enrich- 
ment factor, defined as (F concentration in fly ash) /(F 
concentration in coal) normalized to coal/ash weight 
ratio, was about 1.1. 


Table 2 

F and Al average concentrations and F enrichment factors 
calculated with respect to Al in fly ash samples collected at 
the inlet and outlet units of the electrostatic precipitator 
(ESP). The enrichment factor (EF) is defined as 
(F/AD.., /AF/AD;, 


out 





ESP F [ppm] Al [(%] 


efficiency 


Inlet Outlet Inlet Outlet 





| 
| 
| 


92.73 * 270 580 18.2 18.2 
96.75 * 210 720 17.3 18.9 
97.90 * 320 740 18.2 19.0 
98.06 * 260 730 17.3 19.3 
98.74 * 340 770 17.2 18.3 


NNN WS Ww 


99.15” 180 940 16.5 19.0 
99.21> 270 830 17.5 17.9 
99.46 ° 240 1000 17.9 19.1 
99.62 > 210 1000 18.5 18.6 
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Fig. 3. F and Al concentrations (C) in fly ash collected at the 

outlet unit of the electrostatic precipitator, plotted against the 

abatement efficiency (€) in conventional mode (circles) and 
pulsed mode (squares) 


Table 2 shows F and Al concentrations in fly ash 
collected before and after the pilot ESP for a set of 
tests corresponding to different ESP conditions, in 
particular the two excitation modes (conventional and 
pulsed). The enrichment factors defined as (F /Al),,.,,/ 
(F/Al);, are reported as well. We adopted Al as the 
reference element since it does not undergo partition- 
ing through the combustion cycle. 

Fig. 3 shows F and Al outlet concentrations as a 
function of the fly ash total mass abatement efficiency 
in conventional and pulsed excitation modes. 

Total mass, F and Al penetration factors (100% — 
abatement efficiency (%)) and F, Al to total mass 
penetration ratios are reported in table 3. A preferen- 
tial penetration for F is evident, especially in the ESP 


Table 3 

Penetration factors for total mass, fluorine and aluminium in 
fly ash samples collected at the inlet and outlet units of the 
electrostatic precipitator 





ESP Penetration [%] 
efficiency 

oe 

(%) Mass 
92.73 * 7.27 
96.75 * 3,25 
97.90 * 2.10 
98.06 * 1.94 
98.74 * 1.26 


Elem. pen. 
Mass pen. 








99.15” 0.85 
99.21” 0.79 
99.46 ° 0.54 
99.62” 0.38 





* ESP conventional mode. 
> ESP pulsed mode. 





* ESP conventional mode. 
> ESP pulsed mode. 
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Table 4 


Range 


3.6-6.8 
0.86-—3.6 
0.386 


Mass median aerodynamic 
diameter [ym] 


pulsed mode which is characterized by higher abate- 
ment efficiencies. It is interesting to observe that this 
preferential penetration with respect to the total mass 
seems to depend mainly on the operation mode rather 
than on the specific abatement efficiency of each test 
As expected, for Al the penetration ratio is unity. A 
few reasons can account for the different behaviour 
found between Al and F. The most likely is that the 
volatile fluorine condenses on particle surfaces. Smaller 
particles, with a higher surface-to-volume ratio than 
large particles, have greater fluorine concentration 
Mechanisms of homogeneous gas phase particle nucle- 
ation and coalescence can lead to small particle forma- 
tion. Taking into account the higher ESP abatement 
efficiency for large particles, fluorine enrichment is 
further enhanced. 

In table 4 the percentage size distributions for Al 
and F and total mass before the ESP are reported 
Although the distributions are not detailed, being over 
only four size ranges, fluorine is enriched in the finest 
fraction. The resulting size distribution for a particular 
element depends upon the process of particle forma- 
tion; in particular, for volatile elements, it depends on 
the gas to particle conversion mechanisms [12,13] lead- 
ing to different trends with respect to particle diame- 
ter. The distribution reported here shows a flat trend 
for Al, while for F a D, “-like distribution (a@ < 1) is 
obtained in the submicron range. A more detailed 
distribution would provide information about the num- 
ber and kind of involved mechanisms. 


4. Conclusions 


The PIGE technique for the analysis of fluorine in 
coal and fly ash has been presented. Coals are ana- 
lyzed as thick samples, to provide representative ana- 
lytical results. For fly ash, available in only small quan- 
tities, thin sample analysis has been set up. The method 
is sensitive and reliable. In association with the PIXE 
technique it provides a multielemental analysis. 

Fluorine enrichment phenomena from parent coal 


Cum. [%] 
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Mass, F and Al percentage and cumulative distributions with respect to particle size in fly ash collected at the ESP inlet unit 


(%]  Cum.[%]  Al/mass 


F /mass 


0.46 57.2 
1.48 10.0 
1.43 26.3 
2.53 6.5 





to fly ash and through the abatement process (ESP) 
have been studied for a particular coal (South African 
Amcoal) and in specific operational modes of the elec- 
trostatic precipitator. Similar studies for different coals 
should lead to estimates of fluorine emission, taking 
into account only the specific abatement conditions 
and the total mass penetration, which is more easily 
measured 

Fluorine concentration and enrichment data can 
also be used for validating statistical models aimed at 
estimating trace element enrichment factors, taking 
into account semiempirical particle size distributions 
and the ESP penetration function [14]. 
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The ideas presented and developed during a workshop on cross-section data bases for IBA are summarized and presented 


1. Introduction 


This article has been written to summarize the 
workshop on cross-sections for IBA, proposed by G 
Amsel, chaired by G. Amsel and G. Demortier, and 
held during the conference. The workshop was at- 
tended by about 30 participants, of whom about 20 
participated actively. I have attempted to represent the 
views expressed by the participants as fairly as I can, 
and have tried to build on the spirit of those views 
where I go further than simply reporting the workshop. 

The “raison d’étre” for the workshop is best pre- 
sented in the words of G. Amsel’s proposition: 


“It is an increasingly widespread practice to use 
computer programs to interpret spectra or excita- 
tion curves, whether in RBS, resonant elastic scat- 
tering, ERDA, or NRA for extracting depth profiles 
from the experimental data. In NRA and PIGME a 
precise knowledge of all the possible reactions that 
may arise when analysing a given target is a neces- 
sity to identify the various peaks and to choose the 
best experimental conditions for optimising sensitiv- 
ity, minimising interference effects between various 
isotopes, etc. These programs or optimisation pro- 
cedures require reliable tabulated cross section val- 
ues. To record and distribute such data has become 
an easy task with the recent personal computer 
revolution. It is therefore a vital problem for our 
scientific community to advance cross section and 
excitation curve data collection in the frame of an 
international well coordinated effort towards estab- 
lishing a corresponding data base, which would serve 
as a firm basis of computer assisted IBA”’. 


It was quickly established that some form of digital 
storage and communication of IBA cross sections was 
preferable to the publication of a book, or some other 
“hard-copy” system. All IBA laboratories that would 
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access the proposed database would be able to produce 
local hard copy from digitally stored data. For the rest 
of the workshop I have tried to identify the main issues 
raised and summarise the discussion and conclusions 
reached 


2. What data should be included in the data base? 


Apart from the purely practical aspects of limiting 
the ultimate size of the database, it is to be hoped that 
by specifying a scope for the data base, areas where it 
would be useful to measure or remeasure cross sec- 
tions may be identified. The choice of which range of 
data to include in the data base may therefore be 
important in determining where future IBA cross-sec- 
tions measurements should be made. The data base 
would be intended to include only data specific to the 
IBA community, with the exception that PIXE is now a 
mature specialised subfield of IBA with special cross- 
section needs adequately catered for elsewhere. Fur- 
thermore, the data base should be concerned only with 
prompt IBA. Whether any further resctrictions on re- 
action type or energy range would be needed to limit 
the amount of data remains an open question, however 
it was generally agreed that no cross-section data (ex- 
cept PIXE) useful for IBA should be excluded. Further 
discussion centered on whether or not to define pre- 
ferred (laboratory) angles for cross sections to be meas- 
ured in the future. There are good practical reasons 
for this for reactions which have cross sections which 
vary sufficiently slowly with reaction angle. For exam- 
ple, many IBA laboratories have charged particle de- 
tectors mounted at 150° or at 135°. However, the 
nature of nuclear reaction cross sections is such that, in 
a significant number of cases, the best angle at which 
to use a particular reaction will not be one of the 
preferred angles (whatever they happen to be), so the 
best option would probably be to recommend pre- 
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ferred angles for those reactions where there is no 
advantage in using a specific angle, but to include data 
for any angle. 

The question arose as to how to include both tabu- 
lated cross-section data, and also the much more com- 
pact semiempirical fits. A related question is how to 
include narrow resonance cross-section data? In both 
cases a mathematical expression is used to summarise 
experimental results in terms of a mathematical or 
physical model. In the case of the very narrow reso- 
nances used in resonance depth profiling, a thin target 
yield curve is not necessarily the best way to describe 
the cross section, which can only be expressed mathe- 
matically in the vicinity of a narrow resonance. These 
matters will need further discussion, however as an 
interim measure I have proposed a format for storage 
of cross-section data [1] that goes some way to accomo- 
dating these needs. 


3. Should the data base organisation evaluate cross- 
section data reliability? 


The evaluation of the reliability of cross-section 
data is by no means a trivial task, and needs a high 
degree of specialised knowledge and skill, which nor- 
mally do not come cheaply. It is debatable whether it 
would be feasible to expend the necessary resources to 
do this job properly. However, one interesting proposi- 
tion was that this job could be left for retired scientists 
from IBA, who may donate or discount their time to 
the benefit of their younger colleagues. Note however 
that the utility of a specialised IBA data base lies not 
only in having access to reliable data accepted by the 
IBA community as a whole (for those cases where 
absolute cross-section data are needed) but also in 
having rapid access to the entire range of available 
data even of poor precision or accuracy for the initial 
evaluation of the feasibility and major characteristics of 
a proposed IBA experiment. It would therefore be 
desirable not to exclude even poor quality data, espe- 
cially where no other data exists. 

Related to this question is that of whether the data 
base should include only absolute cross-section data or 
should also include relative data. Apart from the fact 
that even relative data is very useful, especially when 
an approximate practical indication of its overall mag- 
nitude (e.g., counts/wC) from a simple target for a 
given experimental geometry) accompanies it, absolute 
measurements of cross sections for the production of 
gammas are difficult to perform because of the neces- 
sity of accurately measuring detector efficiency for the 
gamma energy being considered. And in most applica- 
tions of the use of ion-induced gammas for IBA, more 


than one gamma line, or in the absence of interfer- 
ences the gamma plus escape and compton compo- 
nents may be used. It would therefore be desirable for 
the data base to be able to accomodate relative data as 
well as providing a source of high quality absolute data, 
and intelligent estimates of the accuracy and precision 
of the data. The proposal of ref. [1] treats this question 
in more detail, but in the final analysis the ultimate 
responsability for a reasonable assessment of the qual- 
ity of the data must rest with the experimenter who 
performed the measurement. 


4. Operational questions 


Two basic questions arose concerning the operation 
of the data base. The first is: who will set up and pay 
for the data base? No conclusion could be reached, 
although it is to be hoped that this first step of recog- 
nising the need for, and identifying some of the impor- 
tant issues in the context of, a specific data base will 
stimulate further collaborative efforts on the part of 
the senior members of the IBA community. The sec- 
ond question was: what should be the relationship 
between the proposed data base and existing or pro- 
posed ones, such as the compilation of Jarjis [2], the 
IBA handbook [3], the new IBA handbook [4], or the 
existing nuclear physics data tabulations [5]? Firstly, it 
should be noted that refs. [2-4] provide only graphs or 
hard-copy listings of cross sections, so any use of these 
in simulation programs (such as RUMP [6] or SEN- 
RAS [7]) will require local redigitisation or manual 
entry of previously digitised data at each site, multiply- 
ing the work and introducing the opportunity for fur- 
ther digitisation or simple typing errors. The possibility 
of working with one of the larger organisations was 
raised at the workshop, and is an avenue to be ex- 
plored, although whether it would be possible to ar- 
range to meet all the special requirements of the IBA 
community remains to be seen. 


5. Where to now? 


Given that the need for a data base for IBA cross 
sections has been endorsed by the participants of this 
workshop, the next step requires the constitution of a 
small group of people to find practical ways of imple- 
menting an IBA cross-section data base embodying the 
main ideas summarised above, possibly under the um- 
brella of a larger international organisation, and to 
define the relevant operational and technical parame- 
ters for the data base. It is suggested that this group 
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might be made up, at least in part, of participants at 
the workshop. 
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